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Abstract
There is no doubt that the publication of RDO-Asphalt [71] was an important advance in
the field of road engineering in Germany. However, there are still challenges in the field of
road engineering in Germany to consolidate an efficient road transport system that takes
advantage of the economical and social growth opportunities that have been observed in
recent years. Some of these challenges are related with the development of advanced material
characterization techniques, and the creation of efficient numerical models to predict pavement
responses. In this context, the following objectives of the thesis were formulated:
• To development new testing procedures to better understand the functionality of asphalt
concrete constituents within asphalt mixtures.
• To develop an efficient numerical model suitable to be used within Mechanistic empirical
(M-E) design methodologies of flexible pavements.
The first objective was addressed partially through the introduction of a new testing procedure
in the Dynamic shear rheometer (DSR), known as multiwave test. The multiwave test was
envisaged to characterize the viscoelastic properties of bitumen and mastics. The multiwave
test is an efficient alternative to traditional temperature sweeps. The time efficiency of the
multiwave test was almost 50% higher compared to conventional methods.
The multiwave test was used to identify the modifying effect of mineral fillers on the perfor-
mance of bitumen. Using only the results of multiwave tests in combination with numerical
simulations it was feasible to characterize the viscoelastic behavior, the resistance to permanent
deformation and the resistance to low temperature cracking of bitumen and mastics.
The first objective was further achieved by the development of a testing device, referred to
as Dresden dynamic shear tester (DDST), to characterize the viscoelastic properties of mortar.
The DDST was conceptualized to determine the shear stiffness of mortar as input to multiscale
modeling of asphalt concrete.
A synthetic reconstruction approach for asphalt concrete using Voronoi tessellation was
presented. This approach was coupled with Finite element (FE) modeling to obtain effective
material properties of a representative volume element of a Stone mastic asphalt (SMA). The
numerically calculated stiffness of the SMA was bellow the experimentally measured value. The
difference between numerical and experimental results was explained by the structural load
carrying mechanism in the numerical simulation. In the multiscale approach, the aggregates
"swim" in the bituminous matrix and the load is mainly carried by the mortar. Instead, in reality,
the load in a gap graded asphalt is primarily carried by the aggregate skeleton.
The second objective was met through the development of a semi-analytical strategy, known
as Fourier series aided finite element method (FSAFEM). FSAFEM uses the FE method in combi-
nation with Fourier analysis to simulate the tire-pavement interaction in a very efficient way.
FSAFEMwas validated with Three dimensional (3D) FE simulations in Abaqus. The results of both
methods were almost identical, however, there was a notorious difference in the computational
time: FSAFEM was almost 45 times faster than the 3D FE method.
The FSAFEM was used to determine the effect of non-uniform tire pressure loads on the
durability of thin asphalt layer pavements. The calculations showed that the non-uniform tire
pressure plays an important role in the performance of thin pavements. It was observed that
fatigue life of thin pavements is highly affected by the non uniformity of the load.
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Kurzfassung
Im letzten Jahrhundert erlebte die deutsche Gesellschaft einen sehr schnellen Wandel mit
hohen Mobilitätsansprüchen, der zu einer Zunahme des Straßenverkehrs führte. Als Antwort
auf diese Herausforderung wurde im Jahr 2009 ein neuartiger Ansatz zur Dimensionierung von
Asphaltbefestigungen, RDO-Asphalt [71], entwickelt. Die RDO-Asphalt ist eine fortschrittliche
Verfahrensweise für die rechnerische Dimmensionierung von Asphaltbefestigungen unter
Einbeziehung mechanistischer Modelle. Diese wissenschaftlich fundierte Verfahrensweise
wurde entwickelt, weil es für die bisher angewendete traditionelle empirische Methode, RSTO-
2001 [75], unmöglich war, zukünftige Entwicklungen unter den sich ändernden Anforderungen
aus Verkehr, neuartigen Baustoffen und dem klimatischen Bedigungen vorherzusagen.
Es besteht kein Zweifel, dass die Einführung der RDO-Asphalt ein wichtiger Fortschritt auf
demGebiet des Straßenbaus in Deutschland war. Es bestehen jedoch noch Herausforderungen
bei der Konsolidierung eines effizienten Straßenverkehrssystems. Die in den letzten Jahren
beobachteten wirtschaftlichen und sozialen Wachstumsmöglichkeiten der Gesellschaft soll-
ten einher gehen mit der Weiterentwicklung eines effizienten Straßenverkehrssystems. Die
meisten dieser Herausforderungen stehen im Zusammenhang mit der Entwicklung leistungsori-
entierter Verfahrensweisen zur Materialcharakterisierung und effizienter numerischer Modelle
die innerhalb rechnerischer Dimensionierungsmethoden verwendet werden können.
In diesem Rahmen lag der Fokus der vorliegenden Dissertaion auf der Entwicklung leis-
tungsbasierter Verfahrensweisen zur Materialcharakterisierung, um die Funktionalität von
Asphaltkomponenten innerhalb des Asphaltgemisches besser zu verstehen. Zudem wird in der
Dissertation ein fortgeschrittenes numerischesModell zur Ermittlung vonBeanspruchungszustän-
den von Asphaltbefestigungen vorgestellt, welches auf FE und Fourier-Analyse basiert.
Grundlage der Untersuchungen bildeten (Dynamic Shearrheometer (DSR) Versuche zur
Charakterisierung des Verhaltens von Bitumen, Mastix, und Mörtel. Die DSR Versuche basieren
dabei auf der Mehrwellen-Oszillation, um die viskoelastischen Eigenschaften von Bitumen zu
charakterisieren. Im Ergebnis der Untersuchungen hat sich gezeigt, dass der Mehrwellen-
DSR Versuch eine effiziente Alternative zu den bisher angewendeten Temperatur-Sweeps
darstellt. Die Zeiteffizienz des Mehrwellenversuchs ist im Vergleich zu den herkömmlichen
Temperatur-Sweeps fast 50% höher
Aufbauend auf den Ergebnissen von Mehrwellenversuche konnte die modifizierendeWirkung
von Füller auf das Verhalten von Bitumen identifiziert werden. Die Ergebnisse der Untersuchun-
gen zeigen zudem, dass es möglich ist, unter Verwendung der Ergebnisse des Mehrwellenver-
suches in Verbindung mit numerischen Simulationen die rheologischen Eigenschaften, den
Widerstand gegen plastische Verformungen und das Tieftemperaturverhalten von Bitumen
und Mastix bei niedrigen Temperaturen zu prognostizieren.
Ein weiteres Ziel der Dissertaion bestand in der Entwicklung eines Verfahrens zur Charak-
terisierung der viskoelastischen Eigenschaften von Mörtel. Aus diesem Grund wurde eine
neue Prüfvorrichtung, die als Dresden Shear Tester (DDST) bezeichnet wird, konzipiert, um
die Schersteifigkeit von Mörtel als Eingangsparamter für die Multiskalenmodellierung von As-
phaltgemischen zu ermitteln. Unter Verwendung der Ergebnisse dieser DDST Versuche wurde
ein synthetischer Ansatz zur Rekonstruktion der Mikrostruktur von Asphalt unter Verwendung
von Voronoi-Tesselation erarbeitet. Dieser Ansatz wurde zudem mit der FE-Modellierung
gekoppelt, um die relevaten Materialeigenschaften eines Splittmasticasphalt (SMA) zu ermitteln.
Diese berechneten Werte in Form der Steifigkeit lagen unterhalb der im Versuch gemessenen
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Steifigkeiten. Grund hierfür ist die in weiteren Forschungsarbeiten zu verbessernde strukturelle
Belastungsfunktion der numerischen Simulation, die derzeit nur bedingt realtätskonform die
Interaktion zwischen den einzelenen Komponenetn in Asphaltgemisch abbilden kann.
Abschließend wird eine im Rahmen der Dissertation entwickelte semi-analytische Meth-
ode(FSAFEM) vorgestellt, die auf der Finite Elemente Methode ( Finite element method (FEM))
in Kombination mit der Fourieranalyse beruht, um die für die realtätsnahe rechnerische Dimen-
sionierung von Straßenbefestigungen erforderliche Interaktion zwischen Reifen und Fahrbahn
auf sehr effiziente Weise zu simulieren. FSAFEM wurde mit Hilfe von 3D-Simulationen unter
Verwendung des FE Programms Abaqus validiert. Im Ergebnis der Berechnungen konnte
eine gute Übereinstimmung der Berechnungsergebnisse mit den beiden Programmen erzielt
werden. In diesem Zusammenhang zeigte sich, dass sich zudem mit den neu entwickelten
Programm FSAFEM die Rechenzeiten signifikant verkürzen. Das Programm FSAFEM wurde
schließlich angewendet, um den Einfluss von ungleichförmigen Reifenkontaktspannungen auf
die Lebensdauer von dünnen Asphaltbefestigungen zu ermitteln. Die Ergebnisse der Berech-
nungen zeigen, dass die Berücksichtigung einer ungleichförmigen Verteilung des Reifenkon-
taktspannung bei der rechnerischen Dimensionierung von Straßenbefestigungen mit dünnen
Asphaltdeckschichten einen signifikanten Einfluss auf das Ermüdungsverhalten der Deckschicht
und demzufolge auf die Lebensdauer der Befestigung hat.
III
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This chapter presents the context, objectives, and structure of the thesis. The aim is to create a
contextual background that allows the integration and better understanding of the different
parts of this work. The context describes the framework in which this doctoral thesis was
developed. Different aspects related to Mechanistic empirical (M-E) 1 flexible pavement 2
design are discussed. The context also conveys the importance of the research related to the
integration of new numerical models and novel laboratory tests into the German mechanistic
design guideline for asphalt pavements (RDO-Asphalt) [71]. The objective’s section defines the
primary goals and the limits of the investigation, separating the aspects that are studied from
those that are relegated to future work. Finally, the structure and content of the thesis are
described. The thesis follows a scheme, which closely relates to the objectives. This structure
will help situate the reader throughout the development of the document.
1.1. Context
The increase in the volume of heavy road traffic associated with the increase in cross-border
trade in goods and services has led most European union (EU) countries to undertake modern-
ization and improvement of their road infrastructure. In Germany, road quality is recognized as
a pillar of the country’s competitiveness, and strategies have been established to optimize the
road network through the efficient use of materials and design methods. In the last century,
German society underwent a rapid transformation with high mobility demands that led to an
increase in heavy road traffic. This prompted road authorities and research institutions to
expand their coverage and address the following key issues:
• whether the existing flexible road infrastructure can be materially improved to meet the
new demands, and
• whether the empirically based design of flexible pavements, RStO-12 [75], is appropriate
for evaluating the new traffic and environmental loads.
1M-E pavement design is also referred in the thesis as analytical pavement design
2This thesis deals only with flexible pavements. By flexible roads/pavements it is meant all pavements which are
surfaced with Hot mix asphalt (HMA) materials. The term pavement, when used in this thesis, refers only to
flexible pavement and it does not include rigid pavements
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In response to these new challenges, the road authorities published in 2009 the RDO-Asphalt
[71]. RDO-Asphalt is a new approach to pavement design that uses analytical results from
mechanistic models. This science-based guideline emerged because it was impossible for
empiricism to predict future responses under the different and rapidly changing demands of
freight operators, heavier vehicles, stacked containers, novel materials and climate change.
There is no doubt that the introduction of RDO-Asphalt was major breakthrough in the field
of road engineering in Germany. Prior to the publication of RDO-Asphalt, almost all German
roads were designed using the empirical method. Analytical design provided many advantages
over catalog design, including the following:
• Different types of loads can be analyzed.
• It allows a more precise analysis of the tire-pavement interaction.
• It allows a better characterization of the construction materials, which allows the designer
to optimize the use of the available resources.
• Tailor-made materials can be used for the specific traffic and environmental conditions.
• It allows for the implementation of predictive rather than corrective maintenance policies.
• The aging of the materials, due to variable climatic conditions, can be considered in the
design.
Road authorities, the transport industry and research institutions are working together
to expand the scope of RDO-Asphalt based on all the knowledge of engineering mechanics,
materials technology and numerical methods gathered in recent years. As a result, a significant
part of the research has been devoted to developing and validating new models and test
methods to evaluate the responses of flexible pavements as close to reality as possible.
TheM-E predictionmethodology of RDO-Asphalt follows the flowchart of Figure 1.1. The figure
synthesizes the main inputs, outputs, and resources of the procedure. The flow of information
begins with the collection of traffic data. Traffic is characterized by different types of vehicles with
variations in axle loads, axle grouping and number of axles. Heavy traffic and extreme climatic
events are responsible for most pavement failures requiring rehabilitation. Consequently, in
most EU countries the weight of trucks is limited to control the rate of pavement damage.
However, the increase in heavy traffic loads above the regulations has considerably reduced the
life expectancy of flexible pavements. In Germany, flexible roads are designed with a 30-year
life expectancy, but the occurrence of early pavement distresses due to overweighted traffic
loads has resulted in maintenance costs that were not anticipated during the design life.
Environmental conditions also play an essential role in the life of flexible pavements. Road
infrastructure must withstand the impact of climatic phenomena such as flooding, heat waves,
heavy rain, frost, etc. However, the intensification of extreme weather events, due to global
warming, has contributed significantly to the early deterioration of the roads. The challenges of
a changing climate are forcing a shift to new design methodologies and new methods to build
a resilient road infrastructure.
In RDO-Asphalt, climatic loads are taken into account indirectly through effects on material
properties (e.g., the stiffness of asphalt concrete changes with temperature and the stiffness of
unbound granular materials changes with moisture). Direct environmental influences, such as
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Figure 1.1. Outline of the mechanistic design of flexible pavements.
It is necessary to identify the traffic and climate variables that are accelerating road deteriora-
tion in order to minimize maintenance costs and maximize the life of the pavements. Through
effective and advanced response models, it is feasible to answer "what if" questions to identify
the variables that most affect pavement life. For the projections to be accurate, two conditions
must be met: 1). numerical models must accurately predict the mechanical responses of the
pavement, and 2). numerical models must reliably represent the behavior of the materials.
These requirements are met by adjusting and validating the models with advanced laboratory
tests under representative on-site conditions.
An adequate response model must be able to perform all calculations in seconds. The
damage accumulation module of any M-E design scheme requires a separate performance
analysis for each traffic load and environmental condition. A standard analysis per RDO-Asphalt,
based on 13 temperature groups per year and 11 load groups, requires 143 separate solutions.
In addition, if a probabilistic analysis is carried out using the Monte Carlo method of reliability
prediction, thousands of pavement design life simulations are required. In this scenario, it is
clear that pavement responses are needed in a matter of seconds. Otherwise, the calculation
time will be too long and the user will be quickly discouraged.
Mechanical responses are crucial in predicting pavement performance and life. For instance,
RDO-Asphalt uses pavement responses to predict excessive permanent deformation (rutting)
at high temperatures, fatigue cracking at intermediate temperatures and thermal cracking
under cryogenic conditions. Greater accuracy in predicting pavement responses will enable a
more reliable assessment of service life. Accuracy is linked to the precision of the mechanical
model used to determine the response. A suitable model will determine the responses (i.e.
displacement, stresses and strains) taking into account the various factors that affect the
behavior of the materials.
Existing response models for mechanical design of pavements differ in terms of assumptions
about material properties, type of loads and inter-layer contact conditions. The analytical model
used in RDO-Asphalt is based on the Multilayer elastic theory (MLET). The MLET analysis is
formulated on several simplifying assumptions: linear elastic materials, uniform circular load,
weightless layers and static load conditions. The main reason for using the MLET in mechanistic
pavement design is that it is computationally efficient, and its mathematical formulation is not
complicated. However, several deficiencies hinder its effectiveness. One of the most notable
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problems with the MLET is the inability to realistically model tire footprints and non-uniform
stress distributions. The Finite element method (FEM) is an alternative that has been gaining
popularity as a way to determine pavement responses more realistically and accurately.
One of themost valuable benefits of theM-E designmethodology is the possibility of improving
the sustainability of the construction by addressing the effect of using alternative materials, such
as modified bitumens and reclaimed asphalt concrete. The use of new materials to promote
sustainable development is one of the pillars of the road construction industry. However,
their impact on the durability of the pavement structure, as well as the environmental cost of
their fabrication needs to be included in an integrated pavement design, maintenance, and
management system.
It is also essential to be aware that we are facing a new scenario in which road designers are
more informed and have high-end technological tools at their disposal. This fact contributes
to a more detailed pavement design. Big data is ready to integrate with traditional datasets
of traffic and environmental measurements, and it is possible to have access to all kinds of
information related to the conditions to which the pavement will be subjected. All of these
new possibilities have brought new opportunities and challenges whose primary purpose is to
obtain road designs that are personalized and adapted to the new demands.
1.2. Objectives
Two very active research areas in road engineering are the experimental characterization of
the bituminous matrix of asphalt concrete and the numerical modeling of pavement responses.
Within these areas, several opportunities exist to improve the functionality of the M-E pavement
design through the introduction of novel laboratory tests and advanced numerical simulation
techniques. In this context, the following main objectives of this thesis were formulated
1. The performance of asphalt concrete can be characterized by well established experimen-
tal test procedures (e.g., indirect tensile test, four-point bending test, uniaxial test, etc.).
Most of these tests were conceptualized to measure performance-related properties.
However, the vast majority of them are expensive, and the effort invested in preparing the
specimens is substantial. As a result, a large part of pavement research has been devoted
to developing and validating new methods to eliminate time-consuming tests. Up-scaling
of bitumen, mastic, and mortar properties to asphalt concrete properties has emerged as
an opportunity for performing tailored mix designs for specific bulk material performance.
Besides, the costs, time, and materials associated with small-scale testing are much less
than those for large-scale testing. Based on these premises, the first objective was for-
mulated to address the need for efficient bitumen, mastic, and mortar characterization
techniques. This objective aims to improve the knowledge of the behavior of asphalt
concrete at micro and meso scales.
2. The second objective is associated with macro-scale numerical modeling. The aim is
to develop an efficient pavement response model capable of simulating tire-pavement
interactions without incurring long calculation times. Considering the factors that affect
pavement durability, the response model must be able of modeling temperature and
frequency dependent material properties and axle loads with non-uniform tire footprints.
Also, themodel shall be computationally efficient with reduced calculation times compared
to conventional Finite element (FE) methods, so that it can be conveniently incorporated
into design methodologies such as RDO-Asphalt.
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1.3. Outline of the dissertation
This doctoral thesis consists of eight chapters divided into two parts: an experimental part
focusing on characterization techniques for bitumen, mastic, and mortar (chapters 3 to 5).
And a numerical part introducing an advanced pavement response model based on FEM and
Fourier analysis (chapters 6 and 7). Each chapter of the thesis is briefly described below.
The present chapter gives a general introduction to pavement design, with particular attention
to the GermanM-E design methodology, RDO-Asphalt. It presents the thesis’s context, intended
at developing new material characterization techniques and pavement response models. The
general objectives of the research are also defined.
Chapter 2 is divided in two parts. The first part presents the state of knowledge of numerical
modeling of viscoelastic materials. The theory of viscoelasticity is a broad topic, and it is beyond
the scope of this thesis to give a complete overview of it. Instead, the chapter concentrates on
two analogical models relevant to the research: the generalized Zener model and the 2S2P1D
model. The second part of the chapter is a literature review of the structural response softwares
used in mechanistic pavement design.
Chapter 3 presents a new test based onmultiwave oscillation in the Dynamic shear rheometer
(DSR). This test was envisaged to characterize the viscoelastic properties of bitumen within the
Linear viscoelastic (LVE) region. The rheological properties of five bitumens were compared
using the multiwave test, and the data obtained from isothermal frequency sweeps. It was
concluded that the multiwave test is an efficient alternative to traditional temperature sweeps.
In Chapter 4, the multiwave oscillation technique is put in practice. This chapter aims to
identify the modifying effect of mineral fillers on the viscoelastic behavior of bitumen. For this
purpose, the shear responses of one bitumen and two mastics to different shear loads were
compared. In addition, two analogical models were used to simulate performance-oriented
tests in the DSR. Besides, specialized tests were developed to characterize the low temperature
and fatigue resistance of bitumen and mastic in the DSR.
Chapter 5 presents a novel testing methodology to determine the viscoelastic properties
of bituminous mortar. A new testing device, referred to as Dresden dynamic shear tester
(DDST), was created. The rheological properties of bitumen, mortar and asphalt concrete were
compared in a case study using the results of temperature sweeps in the DDST. The chapter
finalizes with the description of a simplified synthetic approach to reconstruct asphalt concrete
microstructure using Voronoi tessellation. This approach was coupled with FE modeling to
obtain effective material properties.
Chapter 6 describes the mathematical background of a pavement response model, known as
Fourier series aided finite element method (FSAFEM). FSAFEM is a semi-analytical strategy that
uses the FEM in combination with Fourier analysis to simulate the tire-pavement interaction
in a very efficient way. FSAFEM was programmed in Fortran and it was validated with Three
dimensional (3D) FE simulations in Abaqus. The results of both methods coincided to a great
extent. The calculation time efficiency was significantly improved by using the FSAFEM.
Despite the radical changes that numerical modeling has introduced to pavement engineering,
the M-E method has been implemented only to thick asphalt pavements. Instead, the design of
low volume roads, made mostly of thin flexible pavements, is almost always done empirically
and the cross sections and construction materials of these roads are based on country specific
experience in high-standard flexible pavements. Chapter 7 presents a mechanistic design
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methodology targeted to thin asphalt layer pavements. The approach considers the effect of
non-uniform tire pressure loads on the road durability. Tire footprint measurements were
inputted into FSAFEM to determine the stresses and strains at critical locations. Two main
distresses were studied: fatigue in the thin asphalt layer and permanent deformation originated
in basecourse, and subgrade.
Finally, Chapter 8 summarizes the main outcomes of this dissertation and gives an insight of
some areas for future work.
Figure 1.2 illustrates the outline of the thesis. The diagram shows the conceptual structure
of the work, in which the chapters are grouped into three categories: state of knowledge,
contribution to knowledge and application. The diagram also shows the differentiation of the
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Figure 1.2. Thesis outline.
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2. State of the knowledge
This chapter presents the bibliographical survey on two topics that are relevant to the research.
The first section deals with the fundamentals of modeling of viscoelastic materials for Finite
element analysis (FEA). The second section gives a review of existingmacro-mechanical response
models for flexible pavements.
2.1. Modeling of viscoelastic materials for finite element analysis
Mechanistic road design uses continuum mechanics of solids to determine stresses and strains
within the pavement. Over the past several decades, the FEM has become the most accepted
method for the numerical solution of the continuum mechanics equations. The FEM is a
numerical technique used to solve a group of differential equations over a discretized domain
under specific boundary conditions. Within the context of road design, FEA has been used
widely as a numerical tool to better understand the phenomenological behavior of pavement
structures under the action of traffic and environmental loads. Pavement modeling with FE is
particularly useful because of the versatility of the method: it can be used to simulate almost
any geometry, tire pressure load and material behavior [45]. Furthermore, with the FEM it is
possible to adapt the design to the specific requirements, since it allows the inclusion of various
conditions, such as [23]:
• It is possible to include different materials models or constitutive formulations.
• By using special elements, it is feasible to model complex geometries.
• Tire-pavement interactions can be modeled in a realistic way.
• It allows to model multi-physics phenomena.
The three unknown internal fields in FEA of classical elasticity problems are displacements,
stresses, and strains. These fields are connected by the kinematic, balance, and constitutive
equations. The kinematic equation correlates displacements and strains within the body. The
balance equation equilibrates the forces within the body, and the constitutive equation relates
stresses and strains due to the prescribed boundary conditions. These relations are shown




























Figure 2.1. Graphical representation of the unknown fields and their connections in the FEM.
The kinematic and balance equations are independent of the material type. The mechanical
response of the material is only reflected in the constitutive equation, also known as stress-
strain relation. The stress-strain relationship of viscoelastic materials is time-dependent and it













where the exponent βn denotes the order of the differential equation and b and c are material
coefficients.
Equation 2.1 is widely used in numerical simulation because of its connection with physical
analogical models. Physical analogical models are mathematical expressions used to describe
the rheological nature of a material by studying its deformation at a specific load rate. Within the
framework of FEA, different analogical elements are combined in parallel and series connections
to represent the behavior of asphalt concrete and bitumen. These elements can be separated
into two groups, taking as reference the order of the differential equation that describes their
stress-strain relationship:
• Conventional rheological models: models with a combination of linear springs and linear
dashpot elements. In these models the exponent β of equation 2.1 is an integer.
• Fractional rheological models: models with a combination of linear springs, linear dashpots
and fractional elements. In these models the exponent β of equation 2.1 is a non-integer.
2.1.1. Conventional rheological mechanical models
Mechanical rheology is based on the basic idea that the deformation behavior of materials
involves properties of solids and liquids. A spring usually represents the mechanical behavior
of solids, and a dashpot represents the mechanical analogy of fluids. The schematical repre-
sentation of both elements is shown in Figure 2.2. The figure also shows the model’s response
to a pulse stress. With these elements, it is possible to derive differential equations, which can
then be solved in the frequency and time domain. The constitutive relationship of the spring
1Equation 2.1 is given in shear mode because most of the experiments and simulations presented in this thesis
were done under shear conditions. However, it is also applicable under tension-compression mode.
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and dashpot elements can be expressed in a derivative form as per Equations 2.2 and 2.3,
respectively. It is clear that an elastic solid (spring) is proportional to the zeroth-order deriva-
tive of strain, while the stress of a Newtonian fluid (dashpot) is proportional to the first-order












Figure 2.2. Conventional rheological elements.
τ = G d0dt0 γ (2.2)
τ = ν d1dt1 γ (2.3)
The simplest rheological model made of spring and dashpot elements that simulates the be-
havior of viscoelastic solids is the standard solid element (Figure 2.3). The model is represented
either as a spring and a Maxwell element in parallel (Maxwell representation, also known as
Zener element, Figure 2.3a) or as a spring and a Kelvin element in series (Kelvin representation,
Figure 2.3b). In the following, only the Zener element will be discussed since this element is
used later on in the thesis. Details about the standard solid element in Kelvin representation
are found in [78].
G0
G1 ν1






Figure 2.3. Standard solid element.
The constitutive relationship of the Zener element is given in Equation 2.4. It is observed that
only the first two terms of the general polynomial series of Equation 2.1 are required.
G1
ν1
τ + dτdt = G0G1ν1 γ + (G0 + G1)dγdt (2.4)
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Equation 2.4 can be solved in the frequency domain by replacing the shear stress by a simple
harmonic stress function of the form:
τ(t) = τ0eiωt (2.5)
The strain response of viscoelastic materials to a cyclic strain excitation is a shifted harmonic
function represented by Equation 2.6. Figure 2.4 shows typical results of a dynamic mechanical
analysis on a viscoelastic sample. It is clear that there is a Phase lag, φ, between stress and
strain signals. The magnitude of the phase lag is an indicator of the viscoelastic properties of
the material. The larger the phase delay, the higher the viscous component, and the weaker
the elasticity [84].











Phase lag, φ= 2π (Δt/T)
Shear stress Shear strain
Figure 2.4. Cycling shear stress and response shear strain, modified after [62].
The time derivatives of Equations 2.6 and 2.5 are:
dτ(t)
dt = τ0eiωtωi (2.7)
dγ(t)
dt = γ0eiωtωie–iφ (2.8)
Replacing the above four equations into Equation 2.4, and rearranging with respect to the
stress-strain quotient, τ0
γ0
, yields the complex modulus of the Zener element:
G














∗ can be decomposed into an elastic and a viscous component, which are known as the
Storage shear modulus, G′ , and the Loss shear modulus, G′′ , respectively. G′ corresponds to
the real part of Equation 2.9 and G′′ is the complex part.
The Zener element is not capable of characterizing real materials because it is expressed by
a single relaxation time, and real materials have a much broader time spectrum. To overcome
this shortcoming, the element is usually expanded into the Generalized Zener model (GZM) .
The GZM is made of a spring and m number of Maxwell elements in parallel, as seen in Figure
2.5. The GZM may be used to simulate any viscoelastic solid provided that enough Maxwell
elements are used. The number of terms required depends on the quality of fitting between








Figure 2.5. GZM for viscoelastic solids.
Similar to the constitutive equation of the Zener element, the strain-stress relationship of














And the corresponding expressions for G′and G′′ become:
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2.1.2. Fractional rheological mechanical models
Asphalt concrete and bitumen are viscoelastic materials that exhibit both creep and relaxation
when loaded and unloaded. The viscoelastic behavior of these materials may be modeled
using a combination of spring and dashphot elements, such as the GZM described in the
previous section. Although the GZM has been successful in modeling bituminous materials,
increasing the amount of Maxwell elements results in a number of model parameters. In
the case of bituminous materials, the number of parameters ranges between 20 and 30 [92].
To reduce the effort associated with parameter identification, new models using fractional
viscoelastic-elements have been developed.
The fractional element interpolates between the elastic spring and the viscous dashpot,
which results in a behavior that allows the element to creep non-linearly with time. Figure 2.6
illustrates the response of a single fractional element to a pulse load. It is observed that the
deformation is fully recovered once the load is removed. Hence, the fractional element cannot





Figure 2.6. Fractional element.
In comparison to models of linear differential orders, the constitutive relationship of the
fractional element is a differential equation of non-integer order, as per Equation 2.14 . This
type of equations are also called fractional derivatives.
τ = p dαdtα γ (2.14)
From Equation 2.14 it is evident that if the exponent α equals zero, the fractional element
becomes a linear elastic solid. In this case, equation 2.14 reduces to the stress-strain relationship
of a linear springwith a constant stiffnessG = p. On the other hand, if α equals one, the fractional
element behaves as a viscous fluid, and its behavior resembles that of a linear dashpot.
By combining spring and dashpot elements with the fractional element, it is possible to
establish fractional models that simulate viscoelastic materials’ behavior with a reduced number
of parameters. Figure 2.7 illustrates two of the most representative fractional models that are
used in pavement engineering: the 2 spring, 2 parabolic, 1 dashpot (2S2P1D) and the 1 spring,
2 parabolic, 1 dashpot (1S2P1D).
12
G0
G1 p11 p12, p13,α12 α13
a) 2S2P1D model.
G1 p11 p12, p13,α12 α13
b) 1S2P1D model.
Figure 2.7. Common fractional models used to simulate the viscoelastic behavior of
asphalt and bitumen.
The 2S2P1D [63] is a viscoelastic solid model that is used to simulate the behavior of asphalt
mixtures. The 1S2P1D is the fluid counterpart, and it is mainly used to represent the viscoelastic
behavior of bitumen and mastic. The difference between these two models lies in the parallel
springwith stiffnessG0. The action of this springmakes the 2S2P1D to recover deformationswith
time. Instead, the 1S2P1D model accumulates permanent viscous strain due to irrecoverable
deformation. This effect can be seen clearly in the master curve shown schematically in Figure
2.8a. The master curve of a viscoelastic solid intersects the dynamic modulus axis at a value
equal to G0, while the shear modulus of a viscous fluid decreases to zero. Another difference
between solid and fluid models is observed in the black diagram shown in Figure 2.8b in which
the fluid model approaches a phase lag of 90° at very low frequencies or high temperatures.
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Figure 2.8. Difference between solid and fluid analogical models.













The solution of equation 2.15 in the time domain is not trivial [94]. However, the frequency





, by fractional time derivatives of harmonic strain and stress functions,
as follows:
The time derivatives a harmonic stress excitation (Equation 2.5), and the corresponding











After some mathematical operations 2 in which Equations 2.16 and 2.17 are replaced into
Equation 2.15, the following expression, in conjunction with Tables 2.1 and 2.2, is obtained for









Table 2.1. Exponents and coefficients of Equation 2.18 for the 2S2P1D model [62].
Exponents, βj Stress coefficients, bj Strain coefficients, cj
β1 = 1 + α12 b1 = G1/(p13αTα13 ) c1 = G0G1/(p13αTα13 )
β2 = 1 + α13 b2 = G1/(p12αTα12 ) c2 = G0G1/(p12αTα12 )
β3 = α12 + α13 b3 = G1/(p11αTα11 ) c3 = G0G1/(p11αTα11 )
β4 = 1 + α12 + α13 b4 = 1 c4 = G0G1
Table 2.2. Exponents and coefficients of Equation 2.18 for the 1S2P1D model [62].
Exponents, βj Stress coefficients, bj Strain coefficients, cj
β1 = 1 + α12 b1 = G1/(p13αTα13 ) c1 = 0
β2 = 1 + α13 b2 = G1/(p12αTα12 ) c2 = 0
β3 = α12 + α13 b3 = G1/(p11αTα11 ) c3 = 0
β4 = 1 + α12 + α13 b4 = 1 c4 = G1
Di Benedetto and Olard [63] proposed an alternative solution of equation 2.15, in which the
complex shear modulus is expressed in terms of a small number of parameters associated
with some material’s physical properties:
G
∗ = G0 + G∞ – G01 + δ(iωτ)–k + (iωτ)–h + (iωβτ)–1 (2.19)
2For details about the mathematical operations the reader is referred to [62]
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where,
• k and h are constants that represent the order of the fractional dashpots.
• δ is a material constant.
• G∞ is the shear glassy modulus, which is equal to |G∗| when the frequency tends to infinity.
• G0 is the shear static modulus, which is equal to |G∗| when the frequency tends to zero.
• ν is the Newtonian viscosity of the dashpot.
• τ is a characteristic time that depends on the temperature.
The correspondence between the parameters of Equations 2.18 and 2.19 is given in Table
2.3.
Table 2.3. Analogy between the parameters of Equations 2.18 and 2.15 [62].
2S2P1D 1S2P1D
G0 = G0 G0 = 0
G1 = G∞ – G0 G1 = G∞
α12 = h α12 = h
α13 = k α13 = k
p11 = ν with ν = (G∞ – G0)τβ p11 = ν with ν = G∞τβ
p12 = (G∞ – G0)τh p11 = G∞τh
p13 = (G∞–G0)τkδ p11 = G∞τkδ
2.1.3. Modeling temperature effects
A very limited number of studies describe the viscoelastic behavior of bitumen and asphalt
concrete by means of phenomenological models at each temperature. Instead, most of the
studies use the Time temperature superposition principle (TTSP) to construct master curves.
The TTSP states that the effect of decreasing the frequency on the mechanical properties of a
material is equivalent to that of increasing the temperature, and vice-versa [54].
The temperature dependency of bitumen can be divided into two temperature regions. At
high temperature (typically above the ring and ball softening point), the temperature depen-
dency of bitumen viscosity is usually described by the Walther equation [72]. At temperatures





)︃ = log(αT ) = –C1(T – T r)
C2 + (T – T r)
(2.20)
where C1 and C2 are material dependent parameters and T r is a reference temperature.
The parameters C1 and C2 are determined using a shift function that shifts one set of
frequency data onto a corresponding set of data taken at a reference temperature. The shift is
usually done by computational curve fitting [62]. Figure 2.9 shows the construction of a master
curve of a Penetration grade (Pen) bitumen of the type 50/70. The results of frequency sweeps
at different temperatures (from -10 °C to 70 °C) are shifted horizontally to construct the master
curve at 20 °C. The curve is plotted vs. the so called reduced frequency, which is the product of




















































Figure 2.9. Master curve as a function of reduced frequency. Bitumen Pen 50/70.
2.2. Structural response models for mechanistic-empirical
pavement design
M-E methods for flexible pavement design use principles of engineering mechanics to correlate
the stresses, strains, and deflections of the different pavement layers with the performance
of the whole structure. The designer defines the inputs (i.e., traffic loads, geometry, climatic
conditions, and material properties) and, through theoretical basis and numerical methods,
calculates the stresses and strains at critical locations. The pavement responses are linked to
particular distresses through transfer functions. The outcomes of the transfer functions are
then compared with threshold values related to pavement life. It is a trial and error process
in which the design inputs (material properties and layer thicknesses) are modified until the
pavement structure fulfills the design requirements.
The accuracy of any M-E design methodology lies in the ability to determine properly the
pavement response to traffic and environmental loads. Many techniques are available for
determining the stresses, strains, and deformations in flexible pavement systems. These can
be categorized as follows [91]:
• Analytical (e.g., Burmister solution [19][39][6]).
• Multilayer Elastic Theory.
– With Hankel transformations.
– With Fourier transformations.
• Finite Difference Methods.
• Finite Element Methods.
– Three dimensional.
– Two dimensional assuming plain strain conditions.
– Two dimensional assuming axisymmetric conditions.
• Boundary Element Methods.
• Hybrid Methods.
The response model of RDO-Asphalt is based on the MLET. From the mathematics point
of view, the solution of the continuum mechanics equations using the MLET can be obtained
through two different ways. The traditional way, which is used in RDO-Asphalt, is based on
the solution of an axisymmetric problem with a constant circular load expressed in the form
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of Hankel transformations of certain functions. Several computer programs use this method,
among the most well-known in Germany are Bisar [16], Circly, Padesto and ADtoPave. These
programs deal only with static loads and linear elastic materials. With Hankel’s approach,
it is common practice to characterize the asphalt concrete layers as linear elastic using the
"10 Hz rule". This rule is applied to account for the effect of temperature in the dynamic
modulus of asphalt mixtures. Thus, the asphalt concrete modulus is computed at the specific
layer temperature and a frequency of 10 Hz. The author has reexamined the "10Hz rule"
(see appendix B), and it was concluded that the rule performs well for a reduced number of
viscoelastic layers. However, for flexible pavements with more than three asphalt concrete
layers, the rule underestimates the responses at critical locations. The outcome of the study
leads to the conclusion that the main condition for the use of elastic-based programs is the
right choice of an "equivalent elastic modulus" of asphalt mixtures. An equivalent modulus can
compensate for the viscoelastic effects of moving loads on pavement responses.
The second alternative for calculating stress and strain fields with the MLET is called the
Fourier method. The procedure consists of taking a two-dimensional Fourier transform of the
surface load and solving the equilibrium and continuity equations for each Fourier harmonic
used to describe the load. The Fourier method considers the pavement structure as a multilayer
system, and the load is propagated into the domain based on wave propagation concepts.
The wave propagation concept is based on the wave laws of physics that says that while the
amplitude of the waves changes as they propagate into the domain, the frequency remains the
same. The advantage of the Fourier method in comparison with the Hankel method is that it
can simulate non-circular loads, including dynamic and viscoelastic effects. MLET using Fourier
transformation was implemented by the author in the computer program DynaPave, and it is
also the basis of other programs like Viscoroute [24] and 3D-MOVE. Details about DynaPave
software are given in the appendix A
It is evident that theMLET, both with Hankel and Fourier transformations, is a viable alternative
to determine flexible pavement responses from traffic and environmental loads. The main
advantages of the MLET compared with other numerical solutions such as the FEM is its
computational efficiency. This efficiency is mainly related to the following two aspects:
• There is no need for meshing. In the FEM the discretization of the domain in small
elements via a mesh generation process is crucial. The finer the element size, the more
precise are the results, but the greater the computational time required. Thus, there is a
compromise between fine-meshing and computational time. With the MLET, there is no
such concern.
• The number of unknowns is significantly less in the MLET than in the FEM. This fact
translates into a more efficient computational time.
Conventional wisdom holds that MLET is less computation-intensive than other numerical
solutions like the FE. However, upon considering the advances in computer processors, the
gap between both approaches has been reduced considerably. The computational efficiency
of the MLET reduces with number of layers and with number of required response points.
In contrast, a FE solution with a fine mesh does not depend on the number of layers and/or
computation points. The finite element meshing already divides the pavement structure into
many discretized elements and the FE algorithms automatically determine the stresses and
strains at all element integration points. Proof of this are several computer programs that
have been developed in recent years based on the FEM, some of the most representatives
are CAPA-3D (3D), ILLIPAVE [64] (2D-Axisymmetric), MICHPAVE (2D-Axisymmetric) and APADS
(2D-Axisymmetric)
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3. Rheological characterization of
bitumen using multiwave
oscillation in the dynamic shear
rheometer
Asphalt concrete is a heterogeneous material whose holistic properties depend on the prop-
erties of each of its constituents. Asphalt concrete is made mainly of bitumen and mineral
aggregates. The bitumen essentially acts as a binder for the mineral aggregates to form the
asphalt mixture. The percentage of bitumen in the mix depends on the type of mixture, how-
ever, typically 5 wt% bitumen is blended at high temperature (around 160 °C) with 95 wt% of
aggregates to fabricate what is commonly known as hot mix asphalt.
The use of bitumen in road construction dates back to ancient times. There are references
to mortar made of bitumen used in roads of Babylon (625-604 BC) [5]. Bitumen started to be
used on a regular and massive basis from the early 20th century onwards, with the advent
of vacuum distillation. Nowadays, pure bitumen can be considered as a colloid system which
properties are derived from vacuum residue of petroleum distillation [53]. In the present more
than 95% of the almost 100Mt of bitumen that is produced each year worldwide is used in the
road infrastructure [54].
Because bitumen’s properties directly influence the macroscopic behavior of asphalt con-
crete, the characterization of bitumen is currently being employed to better understand the
macroscopic behavior of the mixture. Up-scaling techniques have emerged as a possibility to
design and engineer asphalts with properties that better adapt to the specific requirements in
terms of stiffness, viscoelasticity, fatigue resistance, plasticity, etc. [44]. Hence, a new challenge
has arisen to optimize bitumen to:
• resist cracking due to thermal stresses at low temperatures,
• resist permanent deformation at high temperatures,
• resist fatigue under repeated loading at intermediate temperatures,
• resist aging,
• resist moisture damage,
• increase the adhesion with the granular aggregates,
• and optimize emulsability.
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The properties that needed to be optimized to obtain superior bitumen aremostly rheological.
From the construction point, the bitumen needs to fluid enough at high temperatures (around
170 °C) to be pumpable. Likewise, the bitumen needs to be workable to ensure a homogeneous
coating of the mineral aggregates. At in-service conditions, the bitumen needs to become stiff
enough at the highest surface temperature (around 60 °C in Germany) to withstand rutting. On
the other hand, at the lowest pavement temperature (about -20°C in Germany), the bitumen
needs to be soft enough to avoid thermal cracking. It is clear that all these requirements are
opposite, and it is a challenge to obtain a bitumen that will work satisfactorily under all possible
conditions.
Consequently, bitumen is selected based on its consistency at different temperatures. Thus,
the softer bitumen grades are generally used for cold climates and the harder, for hotter areas.
To obtain bitumen with wide serviceability temperature ranges, also known as multigrade
bitumen, modification with additives is increasingly used. Multigrade bitumens show a reduced
thermal susceptibility, which means that they behave like a stiff grade at high temperatures
and like a soft grade at low temperatures. The main characteristics of these bitumens is the
high resistance against rutting as well as good fatigue performance.
Optimized bitumen development is possible only through the use of phenomenological test
procedures that characterize the rheological behavior of the material. Traditional bitumen tests,
such as ring and ball softening point and needle penetration, are empirical in nature. Due to
their empirical essence, the information obtained from these tests is minimal, and it cannot
be used for the development of new materials neither as input to M-E design methodologies.
Thus, a new trend has emerged in Germany in which traditional tests are being replaced by
advanced tests that determine performance-oriented properties that may be used not only for
quality assurance and material development, but also as input to analogical models.
In this context, the current chapter presents a new testing procedure in the DSR, referred to
as multiwave test, that can be used to determine the viscoelastic properties of bitumen. The
multiwave test is an alternative of traditional frequency sweep tests. Classic frequency sweeps
are performed isothermally, which makes them very expensive. Most of the expenses are due
to the time needed to cover a wide range of temperatures (usually from -10 °C to 70 °C at 10 K
intervals). The advantage of the multiwave test is that it can be carried out with a temperature
ramp, leading to a reduction of testing time.
3.1. Dynamic shear rheometer
In road engineering, the DSR is used to determine the Dynamic shear modulus, |G∗|, and the
Phase lag, φ, of bituminous binders at different temperatures, stress\strain levels, and frequen-
cies. The standard DSR test arrangement consists of a bitumen sample sandwiched between a
spindle and a base plate, as seen in Figure 3.1 . The testing plate geometry, characterized by the
spindle diameter and testing gap, depends on the bitumen’s stiffness. In general, a geometry
consisting of a spindle diameter of 25 mm and a gap of 1 mm is used at intermediate to high
temperatures (40◦C ≤T≤80◦C), where the stiffness of the bitumen is relatively low (|G∗|≤500











Figure 3.1. Principle of operation of DSR.
DSR tests can be performed in either stress-controlled or strain-controlled mode. In stress-
controlled mode, a fixed Shear stress, τ, is applied to the bitumen, and the response Shear
strain, γ, is measured. In strain-controlled mode, the strain is fixed, and the response stress is
measured. The main difference between both testing modes is that under strain-controlled
conditions, the bitumen tends to store energy because of the constrained deformation. In
contrast, under stress-controlled conditions, the material freely dissipates energy into perma-
nent deformation. In either mode of testing, the Torque, M, and Rotation angle, θ, are used to
determine stresses and strains at the rim of the sample, as follows:
τmax = M · D2 · J (3.1)
γmax = θ · D2 · h (3.2)
The material rheological properties, represented by |G∗| and φ, are determined by Equation
3.3 and Equation 3.4, respectively. The modulus is calculated at the periphery of the specimen,
and it is a function of the sample diameter to the fourth power. The DSR instrumentation





φ = ω · Δt (3.4)
Equations 3.1 to 3.4 are valid if the specimen undergoes small deformation and homogeneous
temperature distribution. In such a case, the stresses and strains are constant through the
specimen height, as seen in the results of a finite element simulation shown in Figure 3.2.
However, at large deformations, where the bitumen response is outside of the LVE region, the
non uniform stress/strain distribution across the sample geometry makes the interpretation of
the results very difficult. Alternative geometries such as the Cone-plate (CP) setup are used in
this case.
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Constant stresses and strains
through the specimen height
Non uniform stress/strain 
distribution across the sample
diameter
Figure 3.2. Stress/strain distribution in a Plate-plate (PP) geometry in the DSR.
3.2. Multiwave test
One of the most common tests used to characterize the viscoelastic behavior of bitumen in the
DSR is the frequency sweep. This test consists of an oscillating signal whose frequency varies
discretely. Frequency sweeps are carried out for a broad range of temperatures to determine
the temperature-frequency dependency of |G∗| and φ [42]. The collection of frequency sweeps
at different temperatures is usually referred to as temperature sweep.
Routine tests on the DSR for quality control of bitumen are becoming very common in the
asphalt concrete industry. In order for this trend to be maintained, an emphasis should be put,
first and foremost, on reducing the costs of the experiments.
The total cost of an experiment can be determined in terms of experimental costs and
the cost of information loss [26]. Experimental costs are related to the expenses required to
conduct the test, such as sample costs, cost of the equipment, etc. The cost of information loss
is related to wrong decisions. If the experiment is rejected due to wrong choices, the additional
cost of conducting a new experiment needs to be considered.
Most of the experimental costs of a frequency sweep are associated with the elapsed time of
the experiment. When performing frequency sweeps in the DSR, measurements are taken at
every single frequency until the complete frequency spectra are recorded. This requirement
leads to the need to keep the temperature constant during themeasuring time. Additionally, the
so-called stabilization and equilibrium times shall also be considered. So, for each temperature,
the total time of a frequency sweep is the sum of the following three times:
• Stabilization time (test): time needed to stabilize the temperate at the set point. This time
depends mainly on the temperature control system of the DSR (e.g., peltier, convection).
• Equilibrium time (teq): time needed to ensure a homogeneous temperature distribution
within the specimen. The equilibrium time depends on thematerial and on the dimensions
of the specimen.
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• Measuring time (tm): time needed to perform the measurements. This time depends on
the number of frequencies, on the number of sample points per frequency and on the
magnitude of the frequency.
To give an idea of the magnitude of the above times, a frequency sweep was performed using
two DSRs with different temperature control systems. The first was an Anton Paar Rheometer
MCR 502 with a convection temperature control (Figure 3.3a). The second was an Anton Paar
Rheometer Physica MCR 301 with a Peltier temperature-controlled hood (Figure 3.4a). The
frequency sweep was carried out at a T ref=20 °C. A frequency spectra from 1 rad/s to 300
rad/s (10 points per decade) was recorded. The elapsed time was measured and the results
are summarized in Figures 3.3b and 3.4b. It was observed that the convection temperature
control system required almost five times longer than the Peltier element to stabilize the
temperature at the set point. Whereas the Peltier oven reached the temperature band within
100 s, the convection oven needed more than 500 s. The equilibrium time (teq = 600 s) and the
measuring time (tm = 250 s) were identical in both DSRs since these times are independent of
the equipment. The total time of the frequency sweep was around 22 minutes in the DSR with
the convection temperature control and 18 minutes in the DSR with the Peltier element.
a) Anton Paar Rheometer MCR
502.


































b) Elapsed time of a frequency sweep in a DSR with
a convection oven.
Figure 3.3. Temperature study in a DSR with a convection oven.
a) Anton Paar Rheometer
Physica MCR 301.




























b) Elapsed time of a frequency sweep in a DSR with
a peltier element.
Figure 3.4. Temperature study in a DSR with a peltier element.
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An essential issue in the bitumen industry is how to reduce experimental costs of temper-
ature sweeps. A possible solution is to reduce the number of temperatures at which the
frequency sweep is performed. However, this will increase the costs of information loss. A
second alternative is to carry out the temperature sweep with a temperature ramp instead of
isothermally. This option is feasible by replacing the frequency sweep by single frequency signal
made of superposition of frequencies, also known as multiwave oscillation. A temperature
sweep with a temperature ramp and multiwave oscillation is refereed in this thesis as multiwave
test.
The concept of temperature sweep with a temperature ramp is controversial for the reason
that stress-strainmeasurements shall be taken in conditions of thermodynamic equilibrium. This
is essential in order to separate time and temperature and, afterwards, apply time-temperature
superposition [81]. However, in a preliminary study, the author found that if the temperature
change of the bitumen during the load application is lower than 0.05 K, a quasi-equilibrium
state is achieved and the bitumen response only deviates from equilibrium in a very small
amount.
The multiwave oscillation method is based on the superposition principle and on the fact that
two of more mechanical signals can pass through a material at the same time independently
from each other. The superposition property states that the response caused by two or more
signals is the sum of the responses of each individual signal. As an example, Figure 3.5b shows
the result of the superposition of four sinusoidal strain waves of 1 Hz, 5 Hz, 15 Hz, and 30
Hz with 10%, 2.5%, 1%, and 0.5% strain amplitude, respectively. It can be observed that the
resulted multiwave signal is very irregular, and the peak strain (around 13%) is higher than the
highest strain of the individual signals.
1Hz 5Hz
15Hz 30Hz
a) Collection of four sinusoidal signals.





























Figure 3.5. Superposition of four sinusoidal signals.
In a frequency sweep per DIN-EN 14770 [3] (herein referred to as conventional frequency
sweep), a sinusoidal shear strain is applied to a bitumen sample and the response shear stress
is recorded. This procedure is repeated for a collection of frequencies, ω = {ω1,ω2, ...,ωk , ...ωn},
in which ω1 < ω2... < ωk... < ωn. For each discrete frequency, ωk , the strain signal, γ, can be
expressed as follows:
γ(t) = γ̂(ωk)eiωkt (3.5)
where γ̂(ωk) is the strain amplitude.
In a multiwave test all strain signals are superposed and the resulting multiwave signal, γmw ,
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The superposition property is valid only for linear time-invariant systems (or linear viscoelastic
materials). Therefore, it is necessary that the amplitude of the multiwave signal to be within
the LVE domain of the bitumen. Otherwise, the total strain will not be small enough for the
material to behave linearly viscoelastic. To cope with this requirement it is proposed to keep
the amplitude of each strain signal equal to 80% of the LVE strain limit, γ̂LVE(ωk), determined
with strain sweeps at different frequencies. In other words:
γ̂(ωk) = 0.8 ∗ γ̂LVE(ωk) (3.7)
With this premise, Equation 3.6 can be written in terms of γ̂LVE , as follows:
γmw(t) = n∑︂
k=1 0.8 ∗ γ̂LVE(ωk)e
iωkt (3.8)
From Equation 3.8, it can be seen that the duration time of a multiwave signal corresponds
to the duration time of the signal with the lowest frequency [50], also known as fundamental
frequency, ω1.
The highest frequency, which can be resolved in a multiwave signal in the DSR is the Nyquist
frequency, which depends on the raw data sampling rate of the fundamental frequency [15]:
ωn = nω12 (3.9)
where n is the number of data points sampled in one period of the fundamental frequency.
CommonDSRswith themultiwave option allow amaximumof 10 harmonics to be superposed
to the fundamental frequency. Hence, the signal of a multiwave test is made of a collection of
eleven frequencies, ranging from the fundamental frequency to the Nyquist frequency.
3.3. Comparison of multiwave test with conventional
frequency-sweep test
To validate the multiwave method, the rheological properties of five bitumens, determined with
the multiwave test, were compared with the corresponding data from convectional temperature
sweeps.Both shear experiments, multiwave test and temperature sweeps, were conducted
in the linear viscoelastic region of the bitumen. The linear region is the strain range in which
the bitumen properties are assumed to be constant. This region was determined using oscilla-
tory shear experiments with constant frequency and temperature and varying strain (strain




Five unmodified bitumens of the same grade but different sources were used to validate the
multiwave test. The identification of the bitumens is given in Table 3.1.
Table 3.1. Bitumens used to compare the results of multiwave tests and convectional
temperature sweep tests.
Material ID Bitumen grade Aging Source
B1 Pen 50/70 Unaged Source 1 (Portugal)
B2 Pen 50/70 Unaged Source 2 (Portugal)
B3 Pen 50/70 Unaged Source 3 (Germany)
B4 Pen 50/70 Unaged Source 4 (Germany)
B5 Pen 50/70 Unaged Source 5 (Germany)
In the following, only the results of bitumen B1 are presented. Detail results of all other
bitumens are given in the appendix G.
3.3.2. Strain sweeps
Initially, strain sweeps were carried-out to determine the LVE strain limit of the bitumen. It is
well known that bitumen does not behave linearly in terms of its viscoelastic properties as a
function of strain. |G∗| and φ depend on the magnitude of the shear strain excitation to which
the bitumen is subjected. However, a linear region may be defined at small strains where
the strain dependency of the shear modulus is almost negligible. This region varies with the
magnitude of |G∗|, and it can be determined with strain sweeps. The strain sweep consists of
measuring the bitumen’s response to a series of logarithmically increasing oscillatory strains
at a fixed frequency and temperature. Table 5.4 shows the temperatures and frequencies at
which the strain sweeps were performed.
Table 3.2. Temperatures and frequencies for strain sweep test.
Plate-Plate configuration Temperature Frequency
[°C] [Hz]
dia=25 mm; gap=1 mm 60;40 0.5;5;50
dia=8 mm; gap=2 mm 20;0 0.5;5;50
The LVE strain limit is often defined as the strain magnitude at which |G∗| decreases to 95% of
its initial value. Figure 3.6 shows exemplary the results of the strain sweep of bitumen B1 at 20 °C
and 50 Hz. It is observed that at small strains |G∗| is independent of the strain. However, beyond
a certain strain value (in this case, beyond a strain of 0.7 %), the shear modulus decreases with
an increase in the deformation. Figure 3.7 shows the results of the strain sweeps in terms of
LVE strain limit. From the results of the strain sweep it was observed that the LVE limit follows a
potential trend with temperature and frequency.
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Figure 3.6. Results of strain sweep at 20 °C and 50 Hz on Bitumen B1.
Figure 3.7. Temperature-Frequency dependency of LVE shear strain limits of Bitumen B1.
3.3.3. Conventional temperature sweeps
Conventional temperature sweeps were carried out on controlled-strain mode using 8 mm
and 25 mm plate diameters for low and high-temperature regions, respectively. The tests were
performed in a range of temperatures from -10 °C to 70 °C with 10 K intervales. A frequency
spectra from 0.5 Hz to 50 Hz (10 points per decade) was recorded at each temperature. Detail
results are presented in the appendix G.
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3.3.4. Multiwave frequency sweep
Multiwave tests with a fundamental frequency of 0.5 Hz were performed on controlled-strain
mode using a temperature ramp with a heating/cooling rate of 0.7 K/min. This combination of
temperature rate and signal duration ensures quasi-equilibrium conditions.
By selecting 200 data points per cycle, the resulted Nysquist frequency was 50 Hz. Thus, a
multiwave signal made of 11 frequencies from 0.5 Hz (fundamental frequency) to 50 Hz (Nyquist
frequency) was selected. The collection of frequencies is given in Table 3.3.
Table 3.3. Collection of frequencies in multiwave test.
k f k ωk[Hz] [︂ rad
s
]︂










11 50.0 314.1592 Nyquist frequency
The multiwave signal was applied every 857 s to obtain measurements at the temperatures
indicated in Table 3.4. The amplitude of the multiwave signal was adapted to the temperature
to account for the variation of the linearity limit.
Table 3.4. Temperatures from multiwave frequency sweep test.







dia=25 mm; gap=1 mm 30 80 0.7 30,40,50,60,70
dia=8 mm; gap=2 mm 30 -20 -0.7 30, 20, 10, 0, -10, -20
Figure 3.8 shows exemplary the input shear strain at 20 °C of the multiwave test of bitumen
B1. This signal is the result of the superposition of all frequencies of Table 3.3.
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Figure 3.8. Multiwave shear strain signal at 20 °C for bitumen B1.
Figure 3.9 shows the isothermal plots of |G∗| and φ obtained from the multiwave test of
bitumen B1. Analogous to the results obtained from conventional temperature sweeps (see
Appendix G), it can be observed the influence of temperature and frequency on the rheological
properties of the bitumen. It is essential to highlight that with the multiwave test it was feasible
to obtain data at -20 °C. Such a low temperature was not achieved with the conventional
method because the DSR did not manage to stabilize the temperature. Furthermore, long
stabilization times at temperatures below the freezing point led to undesirable frosting and


















































































Figure 3.9. Isothermal plots from multiwave test.
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3.3.5. Comparison of results
Master curves were used to describe the frequency-temperature dependency of the dynamic
shear modulus and phase angle for all bitumens. For the construction of master curves, |G∗|
and φ isothermal plots were shifted horizontally by applying a multiplier (shift factor) to the
frequency at which themeasurement was taken so that the individual isotherms were combined
to form a single smooth curve as a function of reduced time or frequency. The shift factors
were determined with the Williams-Landel-Ferry (WLF) function (Equation 2.20).
The master curves obtained for all materials are presented in Figure 3.10 to Figure 3.14.
Comparisons indicate that the results from both methods are in good agreement. However,
the multiwave approach outperformed the conventional method in terms of time efficiency.
While the time required in the multiwave test was around 2.5 h, the time of the conventional
temperature sweep was 5.2 hours. That means an experimental time saving of more than 50%.
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a) Master curve of dynamic shear
modulus.
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b) Master curve of phase angle.
Figure 3.10. Master curves of bitumen B1 at T ref = 10°C. Comparison between
standard and multiwave frequency sweep measurements.
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a) Master curve of dynamic shear
modulus.
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b) Master curve of phase angle.
Figure 3.11. Master curves of bitumen B2 at T ref = 10°C. Comparison between
standard and multiwave frequency sweep measurements.
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a) Master curve of dynamic shear
modulus.
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b) Master curve of phase angle.
Figure 3.12. Master curves of bitumen B3 at T ref = 10°C. Comparison between
standard and multiwave frequency sweep measurements.
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a) Master curve of dynamic shear
modulus.
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b) Master curve of phase angle.
Figure 3.13. Master curves of bitumen B4 at T ref = 10°C. Comparison between
standard and multiwave frequency sweep measurements.
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a) Master curve of dynamic shear
modulus.
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b) Master curve of phase angle.
Figure 3.14. Master curves of bitumen B5 at T ref = 10°C. Comparison between
standard and multiwave frequency sweep measurements.
30
3.3.6. Bitumen rheological diagrams
Although empirical bitumen tests, such as needle penetration test or ring and ball softening
temperature test, proved sufficient for specification purposes, they are not suitable to describe
and understand bitumen rheology. As a consequence, features of bitumen rheology, such
as susceptibility to loading stress, loading time and temperature should be determined using
advanced test procedures in the DSR. Proof of this are the differences found in the rheological
behavior of the five bitumens. Penetration grade bitumens of the same grade are expected to
behave in a similar way. However, the rheological results showed large differences in specific
performances between the investigated bitumens.
Bitumen selection diagrams were developed for three temperature ranges: low, intermediate
and high. The diagrams were constructed based on the following key rheological indicators:
• Low temperature: the rheology at low temperature was characterized by the phase angle
and dynamic shear modulus at -10°C and 1.59 Hz.
• Intermediate temperature: the phase angle and dynamic shear modulus at 20°C and
1.59 Hz were used as rheological indicators at intermediate temperature.
• High temperature: the rheology at high temperature was characterized by the phase
angle and dynamic shear modulus at 60°C and 1.59 Hz.
The rheological indicators are presented in Figure 3.15. All indicators were normalized to
one with respect to the maximum value, which is given at the bottom of each diagram. This
figure gives the opportunity to have a global view of the rheology of all bitumens at different
temperatures. It also helps as an initial filter for bitumen selection. Thus, bitumen B4 shows a
rigid behavior. This makes the bitumen useful at high temperatures as it will better withstand
traffic loads without plastic deformation. Bitumen B2, B3 and B5 show a similar rheological
behavior for all temperatures. Bitumen B1 presents a high stiffness at low temperature, which
may lead to a higher risk of cryogenic cracking.
｜G*｜= 0.014 MPa ϕ = 87.5° ｜G*｜= 6.47 MPa ϕ = 66.9° ｜G*｜= 349.6 MPa ϕ =18.5°










Figure 3.15. Bitumen selection diagram.
31
4. Effect of mineral fillers on the
performance of bituminous
mastics
This chapter deals with bitumen modification by adding fine mineral particles (particles with
a diameter < 0.125 mm). It is well known that bitumen’s viscoelastic properties, as well as its
performance, may be modified/improved by the addition of external agents such as polymers,
rubber, waxes, fines, etc. The degree of modification depends on two factors: the intrinsic
properties of the mixture’s components and the reaction process between them. Fillers are
not commercial modifiers; however, they modify the response of asphalt concrete in different
ways, the most notable are:
1. The larger mineral particles fill voids between aggregates and generate contact points
increasing the bearing capacity of the mixture.
2. The finer particles exert a modification on the bitumen characterized mainly by a stiffening
effect. The stiffening effect of mineral fillers has been extensively studied by different
authors [21] [54] [53] [86]. A common conclusion is that the bitumen to filler ratio and
the mineral’s physical properties are the most important factors affecting the stiffness of
bitumen. The following filler’s physical properties were identified as modifiers of bitumen
stiffness [73]: grain size distribution, mineralogy, shape and surface texture, surface
area, and porosity. A complete literature review on the effect of these properties on the
performance of mastics is given by Carl in [22].
Bitumen and mineral fillers blend is generally known as mastic. It is actually in the mastic
form that the bitumen acts within the asphalt mixture [53], therefore, it is essential to identify
the degree of modification involved in the transformation from bitumen to mastic.
Mastics can be represented from two different perspectives: as a bitumen-filler compound
(Figure 4.1, left) or as a two-phase-system made of a fluid matrix and solid inclusions (Figure
4.1, right). The difference between both representations is the binder fraction that fills the
pores of the filler. In the two-phase representation, this portion of the binder is considered
fixed [43]. Consequently, the volume of the solid and fluid phases varies according to the
porosity of the fillers. This fact led to the identification of the void content of dry compacted
fillers, also known as Ridgen voids (RV), as one of the most sensitive parameters affecting the
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performance of mastics. The test method for measuring the RV is being implemented at a
harmonized European level [1] since several studies found a good correlation between RV








Figure 4.1. Volumetric representation of mastics, modified after [43].
Mastics are usually designed by a filler-binder ratio by weight (F:B index). Such simple
designation does not take into account the degree of modification that the binder is subjected
to in the mixing process. It has been demonstrated, though, that the geometrical, chemical, and
mechanical properties of the fillers affect the response of the mastic [73]. So, the performance
of two mastics with the same F:B index and the same bitumen type may differ when made with
fillers of different properties.
Faheem and Bahia [34][35] proposed a conceptual phenomenological model for interaction
of asphalt binders with mineral fillers. The volumetric concept states that the filler influence in
the bitumen falls into two regions: diluted and concentrated region. In the diluted region the
bitumen is not fully influenced by the filler. This region is characterized by a stiffening effect that
follows a linear trend as a function of filler’s volume. In the concentrated region the stiffening
effect of the filler deviates from the linear trend. This deviation indicates the starting point in
the interaction between filler’s particles. The limit of both regions is shown schematically in
Figure 4.2.
Diluted region Concentrated region
Figure 4.2. Volumetric model for interaction of asphalt binders with mineral fillers.
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An important aspect to contemplate when studying mastics’ behavior is the effect of the filler
on the aging process of bitumen. Aging of bitumen has been considered one of the main factors
affecting the durability of flexible pavements. Bitumen aging is characterized by a stiffening and
an embrittlement effect [70] that jeopardize the ability of asphalt pavements to withstand traffic
loads. Additionally, bitumen aging may have a negative influence on the adhesion with the
aggregates, which leads to a reduction of the service life of the pavement [95]. Two mechanisms
typify bitumen aging: a chemical change due to oxidation and loss of volatile components, and
a physical change denoted by molecular restructuring [70]. The former is largely accepted as
the primary factor of the hardening of asphalt pavements with time. Bitumen aging has been
extensively studied using artificial aging techniques to simulate short-term aging (aging during
asphalt mixing and paving) and long-term aging (in-service aging). However, only few studies
[73] review the consequences of aging associated with filler-induced interactions.
Given the critical role of mastics in the performance of the mixture, this chapter presents the
results of an experimental study to recognize the modification of bitumen due to the addition
of mineral fillers. The main objective was to identify the effects of the type of filler on the
bitumen’s viscoelastic response determined with multiwave tests in the DSR (see Chapter 3).
The aging effect was also evaluated by comparing the rheological data of each mastic to the
aged counterpart. Furthermore, the materials’s rheological properties, fatigue, rutting and
low temperature performance were analyzed and compared using numerical simulation of
common DSR tests.
4.1. Materials
Two mastics made with one bitumen (Pen 50/70) and two fillers with different mineralogy
(limestone and granite) were investigated. For each mixture, the filler content was kept constant
at 30 % by volume. According to the volumentric conceptual model of Faheem and Bahia [34],
this filler concentration falls within the diluted region where the bitumen is not completely
influenced by the mineral particles.
The materials were artificially aged in the lab with the Pressure aging vessel (PAV) aiming
to investigate the filler effect on the long term performance of the mastics. Traditionally, a
combination of the Rolling thin film oven test (RTFOT) at 164°C for 75 minutes and PAV at 100
°C for 20 hours is used to simulate the effect of short term and long term aging, respectively.
Since RTFOT is very time consuming and not-practical for mastics, the RTFOT+PAV was replaced
by a single PAV aging of 25 hours at 100 °C and 2.07 MPa. This choice was based on the work of
Moglori and Corde [22] in which it was found that 5 hours of PAV are equivalent to the standard
RTFOT. Table 4.1 presents the identification codes of all the materials used in this investigation.
Table 4.1. Identification codes and description of the materials.
Material code Material type Bitumen Filler Aging
B1 Bitumen Pen 50/70 - Un-aged
M1 Mastic Pen 50/70 (B1) Limestone Un-aged
M2 Mastic Pen 50/70 (B1) Basalt Un-aged
B1PAV25 Bitumen Pen 50/70 - 25 h of PAV
M1PAV25 Mastic Pen 50/70 (B1) Limestone 25 h of PAV
M2PAV25 Mastic Pen 50/70 (B1) Basalt 25 h of PAV
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4.1.1. Bitumen
The reference bitumen was a paving grade bitumen of the type 50/70 by EN 1426 [2]. Table 4.2
shows some properties of the bitumen.
Table 4.2. Traditional properties of bitumen B1 ([22] [76]).









B1 50/70 49 48 1039.4
The chemical composition of the bitumen was characterized by Sá-da-Costa [76] in terms of
Saturate, aromatic, resin and asphaltene (SARA) fractions. The SARA fractions (see Table 4.3)
showed a relatively low asphaltene content equal to 9.5%-w (asphaltenes represent between
5% and 20% of paving bitumen [53]). Figure 4.3 presents the Atomic force microscopy (AFM) of
the bitumen. It is observed that the asphaltene micelles were fully dispersed, and the presence
of catana -or bee-phase was not detected . Based on the asphaltene content and the results of
the AFM, the colloidal structure of the bitumen was classified as sol-type. Sol-type bitumens
are identified when the asphaltenes micelles are dispersed and non-interacting. According
to Branthaver [18] sol-type bitumens show a Newtonian behavior and are very susceptible
to temperature changes. Colloidal models are used to explain the rheological properties of
bitumen based on observations at nano level. In structural terms, bitumen can be classified as
sol-type, gel-type and gel-sols-type. A complete review of the colloidal structure of bitumen and
the consequences on the rheology is given by Lesueur in [53].
Saturates Aromatics Resins C7 Asphaltenes
[%] [%] [%] [%]
3.1 ± 0.3 58.5 ± 1.6 28.8 ± 1.5 9.6
Table 4.3. SARA fractions of bitumen B1 [76]. Figure 4.3. AFM of bitumen B1 [76].
4.1.2. Fillers
Two natural fillers with different mineralogy (limestone and basalt) were selected. The fillers
were characterized by its particle density, particle size distribution and Ridgen voids. The results
are shown in Table 4.4. The granulation analysis indicated a notorious difference regarding
grain size. Limestone filler contained mainly dust (fraction 0.05-0.002 mm) and silt (fraction
<0.002mm). Instead, basalt filler contained also a high portion of fine-graded sand (fraction > 0.1
mm). The difference in the grain size distribution is clearly observed in the electron-microscopic
images shown in Figure 4.4. The porosity of the fillers was determined with the apparent
specific gravity and bulk specific gravity of fillers compacted to maximum density. The results
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are expressed in terms of RV. The measurements indicated a higher porosity of the basalt
filler compared to the limestone. Several authors [46][73][55] concluded that the higher the
porosity of the filler, the greater the stiffness effect.
Table 4.4. Basic properties of mineral fillers [22].
Property Limestone Basalt
Particle density (Mg/m3) 2.71 2.57
Ridgen Voids (%) 26 42




a) Limestone filler. b) Basalt filler.
Figure 4.4. Scanning electron microscopy (x1000).
4.1.3. Preparation of mastics
The mastics were produced following a procedure aimed to obtain homogeneous bitumen-filler
mixes. This procedure consisted of four basic steps [22]:
1. Initially, the filler was dried in an oven at 150 °C for 17 h. Afterward it was kept in a vacuum
desiccator until cool down to room temperature.
2. Bitumen and filler were heated in an oven at 150 °C for 1 h.
3. A mechanical mixer at 400 revolutions per minute was used to mix the bitumen and the
filler. The filler was slowly added to the bitumen for 20 minutes to avoid particle settling.
4. Finally, the bitumen-filler mixture was left to cool down, and then it was stored in the
fridge.
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4.2. Performance indicators determined from numerical
simulation of DSR tests
The main objective of developing performance-related tests in the DSR is the need for a
better understanding of the bitumen and mastic behavior in terms of their functionality within
the asphalt concrete. In addition, advanced performance tests will also allow proper quality
assessment and material identification (fingerprint). An essential advantage of performance
characterization techniques is that they are based on laboratory assessment of physically sound
material parameters [17]. These key performance indicators include stiffness, resistance to
permanent deformation at high temperatures, fatigue resistance at intermediate temperatures,
and resistance to cracking at low temperatures.
Performance-oriented tests are, in general, expensive and time-consuming. Therefore, they
are only done at selected aging conditions. Thus, permanent deformation tests are undertaken
after short-term aging while fatigue and low temperature tests are carried out after long-term
aging. A typical matrix for testing of bitumen and mastics in the DSR of the institute of pavement
engineering at TU Dresden is shown in Table 4.5. It can be seen that most of the performance
tests on unaged conditions are optional and, therefore, rarely done in daily laboratory work.
Table 4.5. Dresden performance-based testing matrix for bitumen and mastics.
Aging Stiffness Permanent def. Fatigue Cryogenic
Unaged x (x) (x) (x)
Short term aged x x - -
Long term aged x - x x
Test procedure TS or MW SSCR DDFT DDCT
x: Required; (x): Optional; TS: Temperature sweep; MW: Multiwave test; SSCR: Single stress creep
recovery; DDFT: Dresden fatigue test ; DDCR: Dresden cryogenic test.
Aiming to reduce the laboratory effort but still have enough data to work with, a numerical
approachwas explored in which someperformance tests were replaced by numerical simulation.
The idea was to verify the possibility of replacing expensive laboratory tests with synthetic data
from analogical models. For this purpose, the two analogical models described in chapter 2
were used.
The model coefficients were obtained from experimental results in the frequency domain
using the multiwave test 1 (see chapter 3). The material parameters were determined with an
optimization algorithm that minimizes the error between model-predicted data and experimen-
tal data. The Least absolute relative error (LARE) technique and the Least square (LS) method


















































where the over-line denotes model-predicted data.
Initially, the parameters of the 1S2P1D model were computed by performing a regression
analysis on the multiwave data. As discussed in the literature review (chapter 2), the 1S2P1D
model has six parameters and two time constants that can be used to describe the response of
bitumen and mastics in a wide range of temperatures and frequencies. The calculated model
parameters are listed in Table 4.6. It can be seen that the parameters h and k are very similar for
all materials. As expected, the glassy modulus of mastics was much higher than the bitumen’s
glassy modulus.
Table 4.6. Material coefficients of 1S2P1D model (T ref=10 °C).
Material G1 h k δ τ0 β C1 C2
[Pa] [-] [-] [-] [s] [-] [-] [°C]
B1 7.1885E+08 0.66 0.26 2.53 1.8858E-03 14.15 16.16 122.09
M1 1.5794E+09 0.69 0.25 2.08 5.0911E-03 10.31 19.50 153.60
M2 1.5528E+09 0.71 0.28 2.02 5.5740E-03 7.47 26.40 229.11
B1PAV25 7.8325E+08 0.59 0.18 1.77 1.3682E-03 40.22 16.81 136.06
M1PAV25 1.4410E+09 0.60 0.22 1.97 5.2494E-03 26.13 16.93 129.65
M2PAV25 1.4773E+09 0.66 0.25 2.06 9.5349E-03 26.70 25.26 209.51
Figure 4.5 illustrates the 1S2P1D model ability to describe the frequency domain response
data. It might be noticed that the model captures well the time and temperature-varying
characteristics of the dynamic shear modulus and phase angle of both bitumen and mastic. At
intermediate temperatures the phase angle predicted by the numerical model deviates quite a
bit from the experimental data.
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a) Bitumen B1. b) Bitumen B1PAV25. c) Mastic M1.
d) Mastic M1PAV25. e) Mastic M2. f) Mastic M2PAV25.
Figure 4.5. Goodness of fit between multiwave test and 1S2P1D model.
The second numerical model under consideration was the Generalized Maxwell model (GMM)
model. The GMM is the fluid version of the Generalized Zener Model (GZM) described in chapter
2. The difference between both models lies in the absence of the parallel spring that represents
the static modulus. Consequently, the constitutive equation of the GMM can be derived from
the stress-strain relationship of the GZM model (Equation 2.11) by eliminating the terms that
contain G0. Hence, the corresponding expressions for G




















The number of Maxwell elements required to fit the GMM depends on the goodness of
fit between numerical and experimental response data. It is common practice to select 1 to
2 Maxwell elements per decade of frequency to obtain acceptable goodness of fit [61]. The
multiwave experiment comprised a frequency range that covered ten decades (from 10–4 Hz to
106 Hz). It means that between 10 to 20 Maxwell elements were needed to simulate the whole
experimental domain. Figure 4.6 shows the black diagram of bitumen B1, in which numerical
and experimental measurements are plotted. It is observed that the GMM with 13 Maxwell
elements gives an excellent fit for all measurements.
39
100 101 102 103 104 105 106




















GMM with 6 Maxwell elements
GMM with 10 Maxwell elements
GMM with Maxwell elements13
Figure 4.6. Black diagram of bitumen B1. Comparison between experimental and numerical
(GMM) results.
The GMM with 13 Maxwell elements yields to a total of 26 model parameters plus 2 time
constants. Due to the large number of parameters, it is common practice to eliminate one of
the unknowns by choosing the values of the relaxation times (Tk) in a non-arbitrary way. In this
thesis, the relaxation times were selected to be equidistantly spaced on a logarithmic scale
with upper and lower limits determined with Equation 4.5 and Equation 4.6, respectively. The
remaining unknown parameters, Gj, were obtained by minimization of the objective functions
given in Equations 4.1 and 4.2. The parameters of the GMM with 13 Maxwell elements for all
materials are presented in Table 4.7.








Figure 4.7 shows the goodness of fit between experimental data (multiwave test) and synthetic
data. It is evidenced that numerical simulation using the GMM with 13 Maxwell elements
matched very well the experimental results.
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Table 4.7. Material coefficients of GMM model (T ref=10 °C).
j=1 j=2 j=3 j=4 j=5 j=6 j=7
Gj,B1 [Pa] 6.90E+07 7.15E+07 9.98E+07 1.20E+08 1.36E+08 9.45E+07 4.59E+07
Tj,B1 [s] 4.22E-08 4.19E-07 4.16E-06 4.13E-05 4.10E-04 4.07E-03 4.04E-02
Gj,M1 [Pa] 1.39E+08 6.48E+07 2.35E+08 2.35E+08 3.25E+08 2.47E+08 1.24E+08
Tj,M1 [s] 1.36E-07 1.26E-06 1.16E-05 1.08E-04 9.97E-04 9.23E-03 8.54E-02
Gj,M2 [Pa] 1.21E+08 6.24E+07 2.28E+08 1.33E+08 2.89E+08 2.45E+08 1.62E+08
Tj,M2 [s] 7.05E-07 4.29E-06 2.61E-05 1.59E-04 9.64E-04 5.86E-03 3.57E-02
Gj,B1PAV25 [Pa] 6.42E+07 6.87E+07 9.61E+07 1.10E+08 1.21E+08 9.89E+07 4.87E+07
Tuj,B1PAV25 [s] 1.29E-07 1.13E-06 9.89E-06 8.65E-05 7.57E-04 6.62E-03 5.79E-02
Gj,M1PAV25 [Pa] 1.30E+08 1.44E+08 2.07E+08 2.14E+08 2.93E+08 2.68E+08 1.71E+08
Tj,M1PAV25 [s] 6.10E-08 5.91E-07 5.72E-06 5.54E-05 5.36E-04 5.19E-03 5.02E-02
Gj,M2PAV25 [Pa] 1.08E+08 1.30E+08 2.29E+08 2.30E+08 2.53E+08 2.20E+08 1.08E+08
Tj,M2PAV25 [s] 4.15E-07 3.59E-06 3.11E-05 2.70E-04 2.34E-03 2.02E-02 1.75E-01
j=8 j=9 j=10 j=11 j=12 j=13
Gj,B1 [Pa] 1.13E+07 1.16E+06 7.89E+04 4.70E+03 1.99E+02 4.15E+00
Tj,B1 [s] 4.01E-01 3.98E+00 3.95E+01 3.92E+02 3.90E+03 3.87E+04
Gj,M1 [Pa] 2.23E+07 2.40E+06 1.58E+05 1.44E+04 8.73E+02 4.36E+01
Tj,M1 [s] 7.90E-01 7.32E+00 6.77E+01 6.27E+02 5.80E+03 5.37E+04
Gj,M2 [Pa] 4.10E+07 8.07E+06 1.30E+06 1.72E+05 2.02E+04 3.41E+03
Tj,M2 [s] 2.17E-01 1.32E+00 8.02E+00 4.88E+01 2.97E+02 1.80E+03
Gj,B1PAV25 [Pa] 1.63E+07 3.07E+06 2.34E+05 1.61E+04 1.30E+03 3.05E+01
Tj,B1PAV25 [s] 5.06E-01 4.43E+00 3.88E+01 3.39E+02 2.97E+03 2.59E+04
Gj,M1PAV25 [Pa] 6.85E+07 1.11E+07 1.05E+06 7.20E+04 4.45E+03 1.24E+02
Tj,M1PAV25 [s] 4.86E-01 4.71E+00 4.56E+01 4.41E+02 4.27E+03 4.13E+04
Gj,M2PAV25 [Pa] 2.78E+07 5.60E+06 6.63E+05 7.08E+04 5.38E+03 4.05E+02
Tj,M2PAV25 [s] 1.52E+00 1.31E+01 1.14E+02 9.87E+02 8.55E+03 7.40E+04
a) Bitumen B1. b) Bitumen B1PAV25. c) Mastic M1.
d) Mastic M1PAV25. e) Mastic M2. f) Mastic M2PAV25.
Figure 4.7. Goodness of fit between multiwave test and GMM model.
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4.2.1. Stiffening effect
Based on the TTSP, Figure 4.8 shows the master curves of |G∗| at a reference temperature of
10 °C. The temperature-frequency dependency of |G∗| follows a smooth and continuous trend,
which means that the base bitumen and the mastics exhibit simple rheological behavior. It
was observed that the addition of the filler shifts the master curves of the mastics upward.
This stiffening effect was evidenced in both aging conditions. Since the master curves of both
mastics overlap, it was concluded that, for the same volumetric content, the stiffening effect of
limestone and basalt filler is the same. An important conclusion is that the general shape of all
master curves is similar, which means that the mastic’s viscoelastic trend was inherited from
the bitumen. This conclusion is valid for mastics within the diluted region, where the mineral
particles are suspended in the bitumen. In such a case, the distance between particles is
larger compared with the mean particle size. The consequence is a total absence of interaction
between particles. On the other hand, high filler-bitumen volumetric ratios result in particles’
interactions that may affect the rheological properties of the mixture. With Figure 4.8 it is
also evidenced the low bitumen’s susceptibility to aging. These results are consistent with the
findings reported by Sá-da-Costa [76].
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Figure 4.8. Master curves of dynamic shear modulus.
The stiffening effect of the mastics was not uniform between low and high frequencies (high
and low temperatures). This difference was better identified using the concept of Filler stiffening
index (FSI). FSI is an indicator of the relative change of bitumen’s dynamic shear modulus, |G∗|,
by the addition of filler, and it is defined as follows:
FSI = |G∗|mastic – |G∗| bitumen|G∗| bitumen (4.7)
Figure 4.9 shows the FSI of both fillers at 10 Hz, and three temperatures: high temperature
(60 °C), intermediate temperature (20 °C) and low temperature (-15 °C). The results show that
the stiffening effect of the filler on the bitumen is more pronounced at high temperatures that
at low temperatures. This is explained because at high temperatures bitumen shows viscous
flow while mineral fillers remain rigid. On the other hand, at low temperature, the stiffens of
the bitumen increases and the difference with the modulus of the filler decreases. From the
figure it is also evident the fact that both analogical models captured well the stiffening effect
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of the filler at low and intermediate temperatures. However, at high temperature there is a
notorious difference between experimental and numerical data.
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a) Low temperature. T=-15 °C.
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b) Intermediate temperature. T=20 °C.
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c) High temperature. T=60 °C.
Figure 4.9. Filler stiffening index (FMI) at 10 Hz and three temperatures.
Figure 4.10 shows the master curves of phase angle at 10 °C. It can be seen that all materials
exhibit similar phase angle as a function of frequency. At unaged conditions both mineral fillers
slightly shifted the master curve downwards at high frequency (low temperature). However,
this shift was not observed at aged condition. Once again, it was concluded that the rheological
behavior of diluted mastics is governed by the viscoelasticity of the base bitumen.
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Figure 4.10. Master curves of phase angle.
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4.2.2. Resistance to permanent deformation
There is an increasing demand for bitumen and mastics with improved resistance to permanent
deformation at high temperatures, but there is no consensus on which type of test is best suited
to predict the permanent deformation of these materials. The performance criteria given in the
Superpave binder specification [4] for permanent deformation of bitumen uses the parameter
|G∗| /sin(φ) at a fixed temperature and frequency. Superpave rutting parameter is based on the
idea that an asphalt pavement will have better resistance to rutting if its bitumen is stiffer to
withstand the loads, and elastic to recover from large deformations. Several researchers [29]
[79] have found large discrepancies between |G∗| /sin(φ) and field measurements of rutting,
especially in asphalt concrete with polymer-modified bitumen.
An alternative to measure |G∗| /sin(φ) is to perform the so-called Single stress creep recovery
(SSCR) test. The SSCR test is the standard test in Germany for characterizing the rutting
resistance of asphalt mixes due to plastic deformation in the binder. The SSCR test is a
permanent deformation test under stress-controlled conditions in the time domain. This
test was conceptualized by Bahia [14] under the assumption that rutting is a repeated creep
mechanism under cyclic loading pulses. The SSCR test is a multiple creep-relaxation test
composed of ten loading and an unloading cycles of 3.2 kPa. The loading cycle lasts for 1s and
the unloading for 9s. The elastic strain is determined with the instantaneous deformation during
the period of load application. In the subsequent hold period, where the load is kept constant,
the deformation increases due to creep. In the unloading cycle, the specimen recovers the
elastic strains almost instantaneously upon load removal, followed by a time-dependent release
of viscoelastic strains. The remaining deformation represents the plastic or viscous irreversible
strains.
To model the SSCR with the 1S2P1D and the GMM, it was necessary to convert the frequency
domain material function of each model to the time domain. Mapping from frequency to
time domain involved Fourier transformation of the field equations. Details about time and
frequency domain relationships can be found in [37][38][49][94]. Figure 4.11 shows the results
of SSCR test (two repetitions) on bitumen B1, and the corresponding numerical simulation.
It can be observed that the numerical analysis with frequency-time conversion using Fourier
transformation was able to model very well the bitumen response during the test.































Figure 4.11. SSCR test of bitumen B1 at 60 °. Comparison between experimental and
numerical (GMM.) results.
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The Non-recoverable creep compliance (Jnr) is a parameter that is usually used as rutting
criteria for bitumen and mastics. The Jnr is an indicator of the sensitivity of the material to
permanent deformation under repeated loading. So, the higher the Jnr value, the lower the
permanent deformation resistance. The Jnr value is defined as the ratio of non-recovered strain
to the applied stress in the SSCR test, and it can be calculated with the following formula:




where γn is the shear strain at the end of the loading-unloading cycle n.
Figure 4.12 shows the non-recoverable creep compliance results for all materials in both aging
conditions. Results indicated that the addition of mineral fillers has significantly decreased the
Jnr value of the fresh bitumen. This reduction was not so evident at long term aging conditions.
The figure also shows that both analogical models reproduced the experimental results in a
very satisfactory way.
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Figure 4.12. Filler effect on the permanent deformation of bitumen. Jnr values.
4.2.3. Resistance to low temperature cracking
Bitumen characterization at low temperatures is usually done with the Bending beam rheometer
(BBR). There are no well-established test procedures to characterize the cryogenic behavior
of bitumen in the DSR. Intensive research on this area by the author led to a new testing
procedure known as Dresden cryogenic test for bitumen and mastics (DDCT). The DDCT aims
to measure the thermal stress development in a bitumen/mastic slap due to temperature
change in the DSR. The principle of operation of the DDCT is as follows: a prismatic sample
of bitumen/mastic is subjected to a temperature ramp from 10 °C to -15 °C with a rate of
-10 K/hr. The temperature at -15 °C is maintained constant for 2h, allowing the specimen to
release thermal stresses. Afterward, the temperature is increased until 10 °C at a rate of 10
K/hr. During the whole experiment, the specimen length is kept constant, and the axial force is
measured. The dimensions of the specimen and the testing arrangement are shown in Figure
4.13.
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Figure 4.13. Dresden cryogenic test (DDCT) for bitumen and mastics.
Analytical estimation of thermal stresses in the DDCT was performed using theory of vis-
coelasticity. The basic viscoelastic equation for thermal stress calculation is as follows:
σ(t) = ∫︂ t
0
E(t – ξ)∂ε(ξ)∂ξ dξ (4.9)
where σ(t) is the thermal stress at time t, E(t) is the relaxation modulus and ε is the induced
thermal strain.
In the DDCT the variation of temperature is linear, therefore, the thermal strains per unit
length can be estimated with Equation 4.10.
ε(ξ) = αT (T (ξ) – T0) (4.10)
where αT is the linear coefficient of thermal expansion (assumed constant and equal to
0.0006/°C [72]); ξ is a reduced time. For thermo-rheologically simple materials, ξ takes the
form of ξ = t
aT
, where aT is the shift factor defined in Equation 2.20; T (ξ) is the temperature
at reduced time ξ; T0 is the sample temperature at the beginning of the experiment, when
σ(t) = 0.
Equation 4.9 was solved using the finite element method in Abaqus, which has the facility to
model thermo-viscoelastic materials with the GMM. Figure 4.14 shows the experimental and
numerical results of the DDCT of bitumen B1. It can be seen that both approaches, experimental
and numerical, exhibit similar behavior in terms of thermal vertical stress development within
the specimen due to the fall and rise of the temperature.
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Figure 4.14. Results of low temperature test of bitumen B1. Comparison between
experimental data and rheological model.
The results of the FE analysis showed a bi-axial stress condition within the specimen. Figure
4.15 illustrates the thermal stresses at the mid-plane of the sample after the initial temperature
fall (i.e., when the temperature reaches -15°C). The stress state indicates compression in the
transverse direction and tension in the vertical direction. According to the observations, this




a) Bi-axial stress state at the
center of the specimen.
Sxx SzzSyy
b) Stresses at the mid plane of the
specimen when the temperature
reaches -15 °C.
Figure 4.15. Stress state within the specimen in the DDCT.
The DDCT was simulated for all materials in Abaqus. The results are presented in Figure
4.16 in terms of the maximum thermal vertical stress within the specimen. It can be seen that
the mastic fabricated with the limestone (material M1 and M1PAV25) developed the highest
thermal stresses in both aging conditions. Consequently, it was concluded that the limestone
filler under-performed the basalt filler regarding resistance to low-temperature cracking.
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Figure 4.16. Effect of mineral filler in the low temperature behavior of bitumen.Maximum
vertical thermal stress in the DDCT.
4.2.4. Resistance to fatigue
Fatigue cracking is one of the primary damage mechanisms of asphalt pavements. Fatigue
in pavements is a phenomenon that is evident at intermediate temperatures, where other
failure modes are not as relevant. There are currently different methods for determining fatigue
resistance in asphalt mixes. However, there is a lack of a testing procedure to characterize
fatigue resistance of bitumen and mastics. The Superpave binder specification specifies the
parameter |G∗| sin(φ) measured at a fixed intermediate temperature and frequency as a criterion
for fatigue [40]. Superpave fatigue parameter is widely used in the bitumen industry because
of its simplicity and easy to obtain from traditional frequency sweeps. By limiting the upper
value of |G∗| sin(φ) it is possible to specify an upper limit on the stiffness and phase angle of the
bitumen. Superpave fatigue parameter is based on the presumption that the fatigue resistance
of asphalt pavements is reduced as the binder becomes excessively stiff and less viscous due
to environmental aging. Therefore, the lower |G∗| sin(φ) the higher the fatigue resistance of the
bitumen/mastic. For unmodified binders, several authors [31][13] have reported that |G∗| sin(φ)
is well suited to discriminate between different binders concerning their fatigue resistance.
However, for modified bitumens, studies have shown that |G∗| sin(φ) does not relate well to
the accumulation of fatigue damage in flexible pavements. Furthermore, there is a concern
regarding the testing method utilized to determine the Superpave fatigue criterion. Superpave
parameter is computed from temperature sweeps in the DSR, where no damage is induced in
the specimen. However, fatigue is loosely described as cracking caused by a large number of
repeated loading. It is evident that conventional temperature sweeps do not comply with any of
the requirements to characterize fatigue (i.e., to produce failure and to be run for a long time).
Bitumen fatigue resistance can also be determined through time sweeps in the DSR using
an 8 mm PP configuration. In the time sweep, the specimen is subjected to a large number
of stress/strain cycles at a specific temperature and frequency until failure. The author has
performed several time sweeps with the 8 mm PP geometry on different materials, and in most
cases, the failure occurred due to de-bonding from the bottom plate, as seen in Figure 4.17.
Hence, it was concluded that time sweeps with 8 mm PP in the DSR measure strength between
binder and steel plate rather than fatigue of the bitumen.
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Figure 4.17. De-bonding of fatigue specimen using an 8 mm plate-plate geometry in the DSR
[47].
Another source of uncertainty when using an 8 mm plate-plate configuration in a fatigue test
is related to the ability of bitumen to convert mechanical energy into other forms of energy,
typically heat. This characteristic becomes especially important when the bitumen is subjected
to large deformations and many cyclic loads. In a fatigue test, part of the energy is dissipated
into fatigue and another part into heat, which increases the temperature. Bitumen is very
sensitive to temperature, and small temperature changes may have significant effects on the
test results. To illustrate the importance of this point, a fully coupled thermo-mechanical
analysis of a bitumen sample under cyclic shear load using an 8 mm plate-plate geometry at
20°C and 1 Hz was performed. Viscoelasticity and heat transfer finite element models were
coupled in Abaqus and used to determine the hysteretic heating of the bitumen sample. This
example is an extreme case in which all the dissipated viscoelastic energy is converted into
heat. Details about discretization, material properties, and geometry of the model are given
in the Appendix D. The temperature within the specimen as a function of the number of load
cycles is shown in Figure 4.18. It is observed an inhomogeneous temperature distribution with
a hot point near the rim of the specimen. The hot point is located at around three-fourths
of the specimen radius, as seen in Figure 4.19. This temperature gradient may have a large
influence on the fatigue characterization process.
































Figure 4.18. Temperature distribution within the bitumen.
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a) Start of the test
(Tmax = 20°C). b) After 10 load cycles(Tmax = 20.16°C). c) After 20 load cycles(Tmax = 20.18°C).
Figure 4.19. Temperature distribution within the bitumen specimen. Strain controlled test at
20°C and 1 Hz.
Based on the above findings, it was concluded that time sweeps with an 8 mm plate-plate
configuration in the DSR do not give consistent results to characterize fatigue. Alternatively, time
sweeps with a modified sample geometry, hereafter referred to as "column", were performed.
This choice was made based on the positive experience with this geometry reported by [93].
The column geometry is presented in Figure 4.20. It has a total height of 20 mm, and its
ends are enclosed in 4.5 mm steel rings. At the mid-plane of the specimen, the sample has a
constant diameter of 6 mm.
a) Overall assembly and
principle of operation.
b) Bitumen specimen. c) Dimensions.
Figure 4.20. Specimen for fatigue test.
The column is mounted in the DSR by fastening the specimen to the top spindle using an
adapter that clamps onto the steels rings (Figure 4.21a). The top assembly is then lowered
until the other end of the column is placed into the bottom clamp of the DSR, as seen in Figure
4.21b. The torque used to tighten the clamps must be monitored to ensure enough fixation
without altering the steel rings’ circular shape.
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a) Specimen clamped to the
top rotating rod.
b) Specimen clamped at both
ends.
Figure 4.21. Mounting procedure of bitumen/mastic specimen for fatigue test.
The sample preparation procedure starts with heating the bitumen/mastic to a temperature
of 160 °C. The mixture is then stirred for several minutes to ensure a homogeneous condition.
The material, in fluid state, is poured into a specially designed mold made of Teflon (Figure
4.22a). Alternatively, a mold made of silicone can be used (Figure 4.22b). Finally, the mold is
cooled down to room temperature and stored in a fridge at a temperature of 2 °C.
a) Teflon mold. b) Silicone mold.
Figure 4.22. Molds for specimen preparation.
Due to manufacturing tolerances a stress concentration region was observed in the section
where the column diameter changes from 6 mm to 7 mm. The magnitude of the stress
concentration depends on the radius of the fillet at the intersection of both cylindrical parts.
This radius ranged from 0 mm to 0.4 mm. Figure C.1 shows a detail of the stress concentration
region for different fillet radii. It is clear that the stress concentration increases inversely with












Figure 4.23. Detail of stress concentration at the section where the diameter of the column
changes from 6 mm to 7 mm.
The consequences of the manufacturing imperfections were evidenced by an unfavorable
failure path. When the fillet radius was minimal, failure occurred at the top or bottom of the
specimen, as seen in the Figure 4.24a. In such cases, the experiment was discarded due to
uncertainties in the estimation of the failure stress. On the other hand, when the fillet radius
approached 0.4 mm, the failure occurred in the center of the specimen (Figure 4.24b). Only the
tests in which the failure occurred in the middle of the specimen were further evaluated.
a) Failure at the top/bottom of the
column.
b) Failure at the center of the column.
Figure 4.24. Failure paths in fatigue test with a column sample in the DSR.
The criterion used to characterize fatigue failure was based on the Dissipated energy ratio
(DER). Several authors [87] has found that energy dissipation gives an accurate indication of
damage accumulation. Furthermore the German interim standard for the characterization of
asphalt mix fatigue [9], uses also the DER criterion.
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In a DSR test with a cylindrical specimen, the dissipated energy per cycle is given by the
following equation:
W i = πτiγ isin(φi) (4.11)
where the subindex i denotes the cycle number.
Using the column-cylinder equivalence 2 deduced in Appendix C, the dissipated energy per
cycle of the column, can be expressed in terms of W i as follows:
W i,column = π(0.89τi)(0.89γ i)sin(φi) = 0.7921W i (4.12)
The DER was defined by Pronk [68] as the ratio of accumulated dissipated energy up to cycle
n to the dissipated energy at cycle n:
DER = ∑︁ni=1W i,column
Wn,column





Figure 4.25 shows exemplary the variation of dynamic shear modulus and dissipated energy
ratio versus the number of load cycles of bitumen B1PAV25. These results correspond to
a stress controlled time sweep at 300 kPa. From the graph it is observed a decrease in the
modulus at the beginning of the experiment. This initial decrease is not well understood and
further research is needed to explain the reason of it. A second phase in which damage
accumulation takes place inside the specimen is noted by a drop of the modulus at a constant
rate. Finally, the modulus drops dramatically, indicating irreversible failure. The point at which
failure occurs can be clearly identified in the DER diagram. Failure is defined as the point in
which the DER reaches a maximum. The figure compares the energy based failure criterion
with the 50 % modulus decrease criterion. It is observed that the 50 % method overestimates
the fatigue life of the material.
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Figure 4.25. Bitumen B1PAV25. DER and Dynamic shear modulus, |G∗|, vs. Number of load
cycles.
2The geometry of the column differs considerably from typical cylindrical geometries used in DSR experiments.
Therefore, it was necessary to determine a correction factor to obtain stresses and strains at the periphery of
the column based on the measured torque and rotation angle. The correction factor was assessed by correlating
the column’s response with the response of an equivalent cylindrical geometry of 6 mm diameter and 11 mm
height. The equivalent geometry corresponds to the cylindrical center part of the column.
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Photographs were taken to document the failure path and corroborate the appearance of
macro cracks. The beginning of the drop of modulus coincided with edge fracture at the center
part of the column, as seen in Figure 4.26. According to Anderson [10], the edge fracture is
associated with difference in first and second normal forces. With increased loading, the cracks
propagated inward reducing the cross section of the specimen.
a) Specimen at the beginning of the test. b) Specimen during decrease of |G∗|.
Figure 4.26. Photographs of fatigue specimen.
The fatigue resistance of the long term aged materials (bitumen B1PAV25 and mastics
M1PAV25 and M2PAV25) are shown as Wöhler curves in Figure 4.27. It is observed that the
curves of the mastics are shifted to the left in an almost parallel manner with respect to the
curve of the base bitumen. Thus, for the same elastic strain, the mastics can sustain a lower
number of load cycles before a macrocrack appears.
0.20 0.35 0.50 0.65 0.80 0.95 1.10 1.25 1.40




























Figure 4.27. Wöhler curves.
Figure 4.28 shows the fatigue resistance in terms of initial dissipated energy. With this
representation it can be concluded that the filler addition did not modify the fatigue resistance
of the base bitumen. In the opinion of the author, an energy based representation, as the one
of Figure 4.28, is more appropriate to quantify the degree of modification of the bitumen due
to the addition of mineral fillers.
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Figure 4.28. Number of load cycles until failure in relation to initial dissipated energy.
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5. Viscoelastic characterization of
mortar as input to multiscale
modeling of asphalt
Current approaches to computational modeling of asphalt mixtures can be separated in con-
tinuum, mesoscale and multiscale models [90]. Continuum models study the response of
asphalt concrete in an smeared fashion by applying theory of continuum mechanics under
the assumption that the asphalt concrete behaves homogeneously. At the mesoscale level,
asphalt concrete is modeled as a composite material resulting from the mixing of bituminous
mortar, mortar-coated aggregates and air voids. The state of the art in FE frexible pavement
modeling has shown that the pavement responses are best addressed at the mesoscale level
[58]. Multiscale modeling of asphalt concrete is used to obtain effective material properties
through homogenization techniques. One of the most powerful tools for reducing the ex-
perimental effort of asphalt mixtures characterization is the homogenization method. In the
homogenization technique, the approach to model the macroscopic properties of asphalt
concrete is to create a representative sample, which captures the main characteristics of the





Figure 5.1. Continuum, mesoscale and multiscale modelling of asphalt concrete.
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Mesoscale and multiscale models usually represents the asphalt concrete as a three-phase-
system made of a fluid matrix (bituminous matrix), solid inclusions (coarse aggregates) and
air voids. There is little scientific evidence about the incidence of the coarse aggregates in the
rheological behavior of asphalt mixes. In fact, the author considers that coarse aggregates
are inert materials that do not react chemically with the bitumen and therefore do not modify
its rheology. On the other hand, several studies [77] [90] have concluded that the service
life of flexible pavements depends significantly on the nature, quality and composition of the
bituminous matrix that binds the coarse aggregates. This matrix, referred herein as mortar, is a
mixture of bituminous binder and aggregate particles with an average grain size of less than 2
mm.
From mesoscale/multiscale modeling stand point, the viscoelastic nature of the mortar
dictates the macroscopic temperature-frequency dependency of the asphalt mixture. Further-
more, changes in the mortar due to aging will have profound effects on the fatigue resistance
of the mix, hence affecting its long-term durability. Therefore, a comprehensive laboratory
characterization of mortar is a necessary prerequisite for mesoscale/multiscale numerical
modeling to match the holistic behavior of the mixture.
Previous experience of the author has revealed that common equipment used for bitumen
testing, such as the DSR or viscometers, are not suitable for mortar testing because of settling
and workability problems. Analogous, traditional tests of asphalt concrete, such as indirect
tensile test, bending beam test or uniaxial test, show a limitation because of distortion of the
specimen. So, it can be say that there is a gap in terms of a laboratory testing equipment
capable of characterizing the behavior of mortar as input to mesoscale/multiscale numerical
modeling of asphalt concrete.
After taking into account the need of a testing equipment for determining the viscoelastic
properties of mortar, this chapter presents a novel shear tester, known as Dresden dynamic
shear tester (DDST), aimed to characterize the rheological behavior of asphalt concrete at
different length scales. The DDST was initially conceptualized as an interlayer bond testing
device [88]. However, further development led to a much wider use, and today it is employed
as a rheometer that measures |G∗| and φ of bituminous materials under the action of a cyclic
loads. The second part of this chapter uses the results of temperature sweeps in the DDST to
fit a synthetic multiscale model of asphalt concrete.
5.1. Dresden Dynamic Shear Tester (DDST)
5.1.1. Experimental rig
The DDST is a novel testing equipment that can be used to determine the coefficients of
analogical models of asphalt concrete, mortar and bitumen. The DDST is a direct dynamic shear
box with normal stress applied. It consists of two stacked rings separated by a gap of 1 mm
thickness to allow free relative movement between them. An asphalt concrete/mortar/bitumen
specimen is installed inside the DDST using a special adaptor that fits into the hubs of the rings.
The DDST was designed to be driven by a Universal testing machine (UTM) with temperature
and relative humidity control (Figure 5.2). The load cell based piston of the UTM provides
movement in the shear direction, and an in-built pneumatic pressure actuator applies load in
the axial direction. Shear and axial displacements are measured by four external Linear vertical
displacement transducer (LVDT). Appendix E shows the instrumentation diagram of the DDST.
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a) Overall assembly. b) Test device inside the
temperature chamber.
c) Test device.
Figure 5.2. DDST equipment.
The principle of operation of the DDST is as follows: the specimen is sandwiched between
two disc-shaped platens, one of them (movable platen) is allowed to move in the shear direction
while the other one (fixed platen) remains fixed during testing. The test is performed by oscihear
direction while the other one (fixed platen) remains fixed during testing. The test is performed by
oscillating the movable platen about its vertical axis at different frequencies and temperatures,
as seen in Figure 5.3.
The DDST maintains the sample at constant height throughout the testing. The constant
height requirement is very important for asphalt mixes. The DDST causes the aggregate
particles of the asphalt mixtures to overlap in an attempt to accommodate the strain through
deformation. This phenomenon, known as shear dilatancy, does not occur in the field because
the asphalt concrete within a pavement is confined by the material around it. To eliminate the
shear dilatancy effect, the DDST maintains the height of the specimen constant by applying a
normal load.
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Figure 5.3. DDST principle of operation.
5.1.2. Specimens
The specimens are cylindrical in shape with the dimension given in Figure 5.4. Asphalt concrete
specimens are fixed to the plates of the DDST by using a two-component epoxy adhesive.
Bitumen and mortar specimens are prepared by pouring the material into a mold made of
Teflon. The binding property of bitumen ensures fixed bonding between the bitumen/mortar
and the steel plates of the DDST.
a) Bitumen and mortar specimen. b) Asphalt concrete specimen.
Figure 5.4. DDST specimens.
Due to fabrication tolerances, it was challenging to fabricate the samples with a specific
height. Thus, a special technique was foreseen in which the specimen’s height is measured




a) Schematical representation. b) Illustration of measurement procedure.
Figure 5.5. Determination of specimen’s height from outside of the DDST.
5.1.3. Calibration with the repeated load triaxial test
A calibration phase was necessary because discrepancies were found between the shear
modulus determined with the DDST and the shear modulus obrtained with testing devices.
These discrepancies raised questions about the reliability of the equipment. After an extensive
investigation it was concluded that the DDST tended to underestimate the shear modulus when
the stiffness of the specimen was larger than 50 MPa. This problem was critical for mortar and
asphalt concrete materials. After exploration of possible reasons, it was found that the device
tilted as the shear load increases, as seen in Figure 5.6. The figure shows the expected and real
deformations. It can be observed that due to the tilting movement of the frame, the measured
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Figure 5.6. DDST. Tilting phenomenon.
Assuming simple shear conditions (SSC), the shear modulus in the DDST can be determined
with the following equation:




From Equation 5.1 it is evident that any change in the shear displacement will have an effect
on the calculated modulus. To account for the tilting phenomenon, a correction factor, K f , was
introduced:




The magnitude of K f was determined by correlating the results of Repeated load triaxial
(RLT) tests on bitumen, mortar and asphalt concrete with the results of the DDST on the same
materials. The RLT test evaluates the viscoelastic response of a cylindrical specimen by tree-
axle-compression. The specimen is subjected to a cyclic confining pressure, σ23, and to a cyclic
vertical load, σ1, as seen in Figure 5.7. The RLT is a high entry price equipment that requires
large effort for specimen preparation. However, in the opinion of the author, this test is the
one that simulates traffic loads as close to reality.
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Figure 5.7. RLT test. Principle of operation.
The triaxial equipment used to perform the calibration consisted of a test frame, a hydraulic
unit, a test cylinder and a climatic chamber. Axial deformations, were measured by two external
inductive displacement measuring systems and an internal magnetic measuring system. The
external systemsmeasured displacements within the whole length of the specimen. The internal
system measured displacement within the center one-half of the specimen. The samples were
cylindrical in shape with size of 150 mm diameter and 300 mm long. The asphalt samples were
obtained from field cores. Bitumen and mortar samples were prepared in the lab.
In a RLT test the material is considered transverse isotropic (i.e., with one axis of symme-
try). For transverse isotropic materials the stress-strain relationship is given by the following
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equation:
Δε1 = Δσ1|E∗| – 2νΔσ23|E∗| (5.3)
Assuming stress-independent behavior, Zeissler [97] showed that if the amplitude of one
of the stress components is constant, then the trend of the strain function in dependence of
vertical and horizontal stresses is linear. This linear trend was used to obtain the following
functional relationship between vertical strain and stresses:
Δε1 = a1Δσ1 + a2Δσ23 (5.4)
The dynamic elastic modulus in the RLT test can be determined by equating the derivatives
of equations 5.3 and 5.4 with respect to σ1, as follows:
|E∗| RLTT = 1
a1
(5.5)
Assuming homogeneous isotropic linear elastic behavior, the shear modulus in the RLT test
was calculated using the Poisson’s ratio of the material, ν:
|G∗| RLTT = |E∗| RLTT2(1 + ν) = 12a1(1 + ν) (5.6)
The magnitude of the correction factor was computed by minimizing the error between the














With the results of theminimization, three different zones were identified whose limit depends
on the magnitude of the shear modulus. The first zone, called bitumen zone, corresponds to
materials with a shear modulus lower than 60 MPa. In this case the calculated magnitude of the
correction factor was 1.3. The second zone, called the mortar zone, comprises materials with a
shear modulus between 100 MPa and 1300 MPa. The correction factor of this zone was 2.6.
The third zone, the asphalt concrete zone, comprises materials whose shear modulus is greater
than 1300 MPa and lower than 3000 MPa. The asphalt concrete zone has a correction factor
of 3.1. The experience showed that the DDST is not suitable for testing materials with higher
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Figure 5.8. Correction factors of the DDST.
5.2. Case study: rheological characterization of bitumen, mortar
and asphalt concrete in the DDST
The time-frequency dependence of asphalt concrete properties is linked to the rheological
behavior of the bituminous matrix that binds the coarse aggregates. In order to understand
the macroscopic behavior of asphalt concrete it is necessary to understand the behavior of
its constituents at different length scales. This case study aims to investigate the rheological
properties of asphalt concrete at three different scales of observation:
• At the bitumen scale, with a characteristic length in the range of μm.
• At the mortar scale, with a characteristic length in the range of mm.
• At the asphalt scale, with a characteristic length in the range of cm.
5.2.1. Materials
Asphalt mixture
A Stone mastic asphalt (SMA) with a maximum grain size of 11 mm (SMA 11) was selected as
reference material. The SMA was characterized by a strong coarse aggregate skeleton with the
grain size distribution shown in Figure 5.9.
The mix was industrially produced in a batch type plant in Geilenkirchen (Germany) at a
mixing temperature of +165 °C. Afterwards, it was transported to the test track of the institute
of highway engineering at RWTH Aachen University (25 km distance) where it was laid down and
compacted. Finally, several cores were drilled out from the track and delivered to TU Dresden
for testing. Table 5.1 gives some properties of the asphalt mixture. These properties were
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Figure 5.9. Grain size distribution of asphalt mix.
measured from 5 cores and averaged.
Table 5.1. Conventional asphalt concrete properties.
Bitumen content Bulk density Void ratio Compaction grade[% – w] [︁kg/m3]︁ [% – v] [%]
6.9 2436.0 2.1 100.9
Bitumen
The binder of the mix was an unmodified penetration graded bitumen of the type 50/70. This is
a bitumen traditionally used in high volume roads in Germany. Conventional bitumen properties
are given in Table 5.2.












B 50/70 52 51.4 Max. -8 Min. 145 Min. 295
Mortar
The mortar of the asphalt mixture was produced by not adding the mineral aggregate fractions
with grain size larger than 2 mm. Thus, the resulted mortar was a mixture of bitumen, filler and
sand with a volumetric composition of 38.2 % bitumen, 28.5 % filler and 33.3 % sand.
The mineral filler was a limestone with the grain size distribution shown in Figure 5.10a.
Limestone is a sedimentary rock composed of chemically active materials mainly made of
calcite (93% CaO, 2% SiO2, 2% MgO, 3% others). Limestone fillers are found abundantly in
aggregates used in hot mix asphalt mixtures in Germany. Table 5.3 shows some physical
properties of the filler. The other mineral in the mortar was a Diabase sand with the grain
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size distribution illustrated in Figure 5.10b. Diabase is an igneous rock composed mainly of
chemically inactive particles of quartz.
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a) Grain size distribution of limestone filler.
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b) Grain size distribution of Diabase sand.
Figure 5.10. Grain size distribution of mortar’s minerals.
Table 5.3. Physical properties of limestone filler.






]︂ [nm] [︂ g
cm3
]︂
4.1904 0.0168 16.04 2.72
5.2.2. Experimental procedure
Frequency sweep tests were performed in the DDSTat three different temperatures in order
to collect data to describe the viscoelastic behavior of the materials. Small strain levels were
targeted to ensure that the materials were tested within their LVE region. The temperature -
frequency combinations at which the tests were carried-out are shown in Table 5.4. The test
results in the form of isothermal plots for each material are presented in the Appendix I.
Table 5.4. Temperatures and frequencies for frequency sweep test in the DDST.
Material Temperature Frequency
[°C] [Hz]
Bitumen 0; 10; 20 0.1; 0.4; 0.8; 1; 1.5; 2; 4; 5; 8; 10
Mortar 0; 10; 20 0.1; 0.4; 0.8; 1; 1.5; 2; 4; 5; 8; 10
Asphalt concrete 10; 20; 30 0.1; 0.4; 0.8; 1; 1.5; 2; 4; 5; 8; 10
5.2.3. Master curves
The test results, in the form of master curves of dynamic shear modulus and phase angle are
presented in Figure 5.11 and Figure 5.12, respectively .Themaster curve of |G∗| shows a stiffening
effect that shifts the curve towards higher values as the observation scale increases. The shape
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of the mortar and bitumen curves is similar. The main difference between bitumen/mortar and
asphalt concrete curves is appreciated at high temperatures (low frequencies). The reason
for the difference in shapes can be explained because at high temperatures the aggregate
contribution to the shear modulus of asphalt mixture is more evident.
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Figure 5.11. Master curve of dynamic shear modulus.
The phase angle master curves were produced using the shifting factors derived from the
shear modulus master curves. Unlike the stiffness master curves, the phase angle master
curves differ in appearance for the three materials. Asphalt concrete shows a reduction in
phase angle and a early presence of a plateau at low temperatures. The mortar phase angle is
very similar to the bitumen at high temperatures. However, at low temperatures it behaves as
the asphalt concrete.
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Figure 5.12. Phase angle master curves.
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5.3. Determination of asphalt concrete properties by
homogenizing its heterogeneous microstructure
Asphalt concrete is a composite material that exhibits high load bearing capacity due to the
features and interactions of its constituents. Proper modeling of heterogeneous composite
materials requires accurate, but computationally efficient, methods of analysis. Since the early
70s the scientific community has been dealing with multiscale methods to approximate the
behavior of composite structures by analyzing only a representative element. This element
is usually called Representative volume element (RVE). Analysis methods with RVE are based
on the concept that the mechanical response of a representative subdomain can be used
to determine effective material properties of the whole domain. The process of calculating
effective properties is usually known as material homogenization
Multiscale models require a precise geometrical representation of the asphalt concrete
constituents. In recent years large efforts have been performed to determine experimentally the
geometry in three dimensions of composite and heterogeneousmaterials using superposition of
digital images obtained from X-Ray computer tomography (XRCT). The result of the tomography
are flat images of the cross section of the specimen. The images are then converted into
geometric shapes using digital image processing techniques [96]. With the results of the XRCT
it is feasible to create numerical models of the internal structure of the asphalt mixture. XRCT is
a very expensive technique which is not available to most transportation agencies, and its use
is currently limited to research. To overcome this limitation, synthetic reconstruction methods
using Voronoi tessellation are used as a cheap alternative to the expensive XRCT [61] [77] [90].
Some of the advantages of synthetic methods in comparison with image reconstruction are:
• The generation of artificial aggregates allows the creation of simplified geometries, without
sharp edges, which can be easily discretized into finite elements.
• Artificial generation makes it possible to create tailored microstructures with different
particle size distributions and volume fractions of the constituents.
• Statistical analysis of the hollistic material performance are possible with artificial mi-
crostructures.
Figure 5.13 shows the morphological characterization of individual aggregate particles ob-
tained from XRCT and from synthetic reconstruction using Voronoi tessellation. It is true, that
the degree of details and complexity provided by the XRCT is not comparable with the synthetic
approach. However, large geometric details are a source of disturbances for meshing algo-
rithms within FE modeling and analysis. Furthermore, a very fine mesh is needed to capture all
the geometrical details of XRCT representation, which in turns will increase substantially the
computation time.
Within the framework of material homogenization, this section presents a simplified synthetic
approach to reconstruct asphalt concrete microstructure using Voronoi tessellation. This
approach is coupled with FE modeling to obtain effective material properties by correlation
of the mechanical characteristics of the asphalt concrete constituents with the macroscopic
response of the mix. For this purpose, the SMA 11S mixture characterized in the previous
section was used as reference material.
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a) XRCT [48]. b) Voronoi tesselation.
Figure 5.13. Morphology individual aggregate particles
5.3.1. Volumetric constitution
The Particle size distribution (PSD) plays an important role in the overall performance of asphalt
mixtures. Physical and mechanical properties, such as density, stiffness and strength, are
highly related to the grain size and grain size distribution. The PSD is usually specified by
the accumulated mass percentage, P(di), that passes the sieve size with an specific aperture
diameter, di. Upper and lower bounds of P(di) can be obtained from national standards for the
different types of asphalt mixtures (i.e., open graded asphalt, gap graded asphalt, stone mastic
asphalt, porous asphalt, etc).
Assuming that aggregate mass fractions equals volume fractions, the volume fraction of each
grading segment [di, di+1] can be determined as follows:
Φ[di ,di+1] = P(di+1) – P(di)P(dmax) – P(dmin) (1 – χB)ρDρA (5.8)
where χB is the bitumen content (χB=6.9 %-w), ρD is the density of the aggregates (ρD=2.8
g/cm3 for diabase) and ρA is the bulk density of the asphalt (ρA=2.436 g/cm3).
Table 5.5 gives the volume fractions of the four coarse grading segments that constitute the
reference SMA mixture.
Table 5.5. Volume fractions of coarse aggregate segments
Sieve size in mm
16.0 11.0 8.0 5.6 2.0
Accumulated mass fraction, Pdi , [%] 100.0 97.2 61.6 36.6 24.3
Volume fraction of aggregates, Φ[di, di+1], [%] 0.0 3.0 38.1 26.7 13.2
An RVE of asphalt concrete should represent the smallest volume of the mixture at the
mesoscale level that reproduces the properties at the macro level. The size of the RVE must
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accommodate the sufficient number of aggregates and air voids along with the bituminous
matrix (mortar) to capture the interactions between the phases. With this premise in mind, the




where Ve is the equivalent volume of one aggregate. Equation 5.9 ensures that the RVE
contains at least three aggregates of the maximum aggregate fraction.
The equivalent volume of one aggregate of each fraction was determined by measuring and





Figure 5.14. Determination of equivalent volume of one aggregate by measuring and
averaging the volume of 100 aggregates of each fraction.
Table 5.6. Equivalent volume of one aggregate for each aggregate fraction
Sieve size in mm
16.0 11.0 8.0 5.6 2.0
Equivalent volume of one aggregate, (Ve)[di ,di+1], [mm3] - 1165.1 448.2 153.7 16.9




= 3 × 1165.30.03 = 116510mm3 (5.10)
The volume of each grading fraction, V [di ,di+1], was determined with the volume of the RVE
and the volume fraction of aggregates:
V [di ,di+1] = VRVE ∗ Φ[di ,di+1] (5.11)
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Finally, the required number of aggregates in the RVE for each aggregate fraction was calcu-
lated with equation 5.12. Table 5.7 presents the number of aggregates within the RVE.
N[di ,di+1] = V [di ,di+1](Ve)[di ,di+1] (5.12)
Table 5.7. Number of aggregates within the RVE.
Sieve size in mm
16.0 11.0 8.0 5.6 2.0
Number of aggregates in VRVE , N[di ,di+1], [-] - 3 99 203 909
5.3.2. Dynamic packing of spheres
A simple approach for reproducing gran size distributions is using an arrangement of non-
overlapping spheres packed within a containing space. Packing of spheres can be either static
or dynamic. The static approach produces fixed arrangements of spheres by adding particles
in a sequential manner to an initial configuration. Examples of static packing using the Monte
Carlo method can be found in [23]. A more realistic approach is a dynamic packing, where
the spheres interact between them by collision and change their position during the filling
process. In this thesis a dynamic approach is proposed using molecular dynamic concepts. The
algorithm involves three steps:
1. Generate a collection of particles for each grain size segment and air voids.
2. Eliminate intersections between spheres of the same grading segment.
3. Apply molecular dynamics to simulate the motion and interaction of the particles until a
steady state random packing is reached.
Figure 5.15 shows the packing of spheres corresponding to the particle size distribution of








































Figure 5.15. Packing of spheres to simulate the grain size distribution of a stone mastic asphalt
5.3.3. Generation of aggregates using weighted Voronoi diagrams
The use of Weighted Voronoi diagrams (WVD), also known as power diagrams [66], is an
approach for modeling and simulating assembles made from spherical particles packed into a
containing space. WVD partition the RVE volume VRVE into a set of non-overlapping volumes V i
which fill the domain without any gap. Each volume V i is associated with a seed sphere with
center position vector Si and radius ri. The volume V i is the collection of all points P whose
power with respect to Si is smaller than the power with respect to any other seed Sj:
V i = {︁P ∈ Vd | Power(P, Si) ⩽ Power(P, Sj)∀i ̸= j}︁ (5.13)
Recalling that the definition of power of a point P with respect to a sphere seed Si is defined
as:
Power(P, Si) = d(P, Si)2 – r2i (5.14)
Equation 5.14 can be written in terms of the Euclidean distance d(P, Si) as follows:
V i = {︂P ∈ Vd | d(P, Si)2 – r2i ⩽ d(P, Sj)2 – r2j ∀i ̸= j}︂ (5.15)
All points which have the same power with respect to two spheres lie in a power plane, as
seen in Figure 5.16. The geometrical properties of power diagrams imply that the volumes V i
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are convex polyhedral. And these polyhedral are used in this study as reference geometry for
the coarse aggregates.
a) Sphere seeds. b) Power planes forming an
aggregate.
Figure 5.16. Aggregate generation using power planes.
The WVD corresponding to the sphere seeds of the reference SMA is shown in Figure 5.17.




Figure 5.17. Packing of spheres to simulate the grain size distribution of a stone mastic asphalt
WVD uses a dense sphere model to determine the seed points for the Voronoi tessellation.
Therefore, the number of particles is equal to the number of seeds. Figure 5.17 shows that the
Voronoi tessellation fills completely the volume of the RVE. The next step consists of a shrinking
process of the individual particles to adjust the required volume fraction of each aggregate
segment as well as the volume of the mortar.
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5.3.4. Shrinkage of aggregates
The PSDwas adjusted by a shrinking process in which each particle was scaled-down by a specific
shrinkage factor. The shape of the particles generated with theWVD tends to be spherical, which
is detrimental to the actual shape of the aggregates, typically oval. To address this geometric
weakness of Weighted Voronoi’s technique, a non-uniform shrinkage was implemented based
on the sphericity of each aggregate.
The sphericity of the aggregates was determined using a sphericity index [83], Ψi, that
correlates the surface area of a sphere, having the same volume as the aggregate, to the actual
surface area of the aggregate, as follows:
Ψi = (︁36πV2i )︁ 13
Si
(5.16)
where Vi and Si are the volume and surface area of the aggregate, respectively.
The sphericity index of a sphere is 1, and the lower the sphericity the greater the elongation
of the particle [28]. Thus, the aggregates with sphericity index bellow 0.8 underwent a uniform
three axial shrinking process, as seen in Figure 5.18a. On the other hand, the shrinkage of the








Figure 5.18. Shrinkage of aggregates.
Figure 5.19 shows the final RVE obtained after shrinkage of aggregates. The shape of the
mortar and air voids was obtained from volume removal through Boolean operations between




Figure 5.19. RVE of the reference SMA 11S.
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5.3.5. Finite element based modeling
Multiscale modeling of asphalt concrete is achieved by proper geometrical reconstruction of
the internal structure, along with accurate simulation techniques that describe realistically the
interaction between the components. So, it is not only important to build an RVE but also
to have a right choice of a numerical method to predict responses from which the effective
material properties are calculated. The combination of synthetic RVE reconstruction and FE
modeling allows to simulate the holistic behavior of an asphalt mixture based on the behavior
of its constituents.
The FE numerical simulations were performed in Abaqus. The RVE was discretized using
quadratic tetrahedral elements, as seen in Figure 5.20. The FE mesh consisted of 277088
elements with six degrees of freedom each. It is noteworthy that the element size is relatively
homogeneous throughout the RVE, except for some finer regions near the air voids. However,
fine mesh is only needed for the mortar and the mesh inside the aggregates could be coarse.
Advanced meshing techniques could reduce the number of degrees of freedom of the model
which leads to a reduction in computing time.
RVE MortarAggregates
Figure 5.20. FE mesh of RVE.
Boundary conditions play an important role in the homogenization process. Two types of
boundary conditions can be applied to an RVE to correctly simulate the response at macro level:
periodic and homogeneous boundary conditions. Periodic boundary conditions will predict the
behavior of a macro structure consisting of periodically-repeated elements. Homogeneous
boundary conditions consider the RVE as amacro-structure itself with its ownmicro constituents.
Periodic boundary conditions are usually time consuming due to the large number of equations
used in the periodicity analysis. Besides, the proposed synthetic reconstruction method does
not provide the required periodicity at the boundaries. Consequently, homogeneous boundary
conditions were used in the simulations.
Homogeneous boundary conditions were implementedwith the premise to prevent rigid body
movement. The three adjacent faces shown in Figure 5.21 (faces A, B and C) were constrained
to restrict certain degrees of freedom, and a perturbation was applied to a reference point fixed
to all nodes of face D. The perturbation consisted of a prescribed displacement in z direction of
0.487 mm, to simulate a far field strain of 1%.
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Reference point












Figure 5.21. Boundary conditions.
The materials were modeled assuming isotropic linear elastic behavior. The modulus of
elasticity of the mortar was determined from frequency sweeps in the DDST. An equivalent
elastic modulus was calculated from the dynamic shear modulus at a temperature of 20 °C
and 10 Hz. Table 5.8 shows the material properties used in the simulation.
Table 5.8. Material properties used in the FE simulation of the RVE.




The applied displacement on the reference point creates boundary nodal forces at the
displaced boundary surface. The value of the reaction force of the reference point is the sum
of boundary nodal forces generated at the affected boundary nodes. This value was divided
by the area of face D to determine the stress value that corresponds to the prescribed strain.
The stress value was then used to estimate the elastic modulus of the RVE by dividing it by the
known strain, as illustrated in Equations 5.17, 5.18 and 5.19, and Figure 5.22.
σ33 = Reaction force of reference pointArea of face D = 30529.9 N2371.69 mm2 = 12.87 MPa (5.17)
ε33 = ΔL
L
= 0.487 mm48.7 mm = 0.01 mm/mm (5.18)
E33 = σ33
ε33
= 12.87 MPa0.01 mm/mm = 1287 MPa (5.19)
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Isometric view Side view
L
ΔL
Figure 5.22. Deformed RVE.
To verify the calculated effective modulus, the results of RLT test at 20 °C and 10 Hz were used.
A poor agreements was found between numerical and experimental results. The E-modulus
determined with the RLT test was 5466 MPa, which means that the multiscale approach
underestimated the modulus of the asphalt concrete by more than four times. This large
difference was explained by the structural load carrying mechanism of the numerical simulation.
In the FE model, the aggregates "swim" in the bituminous matrix. Therefore, the load was mainly
carried by the mortar. However, the selected material was a gap graded asphalt mixture, in
which the load is primarily carried by the aggregate skeleton. It is clear that corn-to-corn contact
and interlock of stones are important factors that determines the stiffness of gap graded asphalt
mixtures. When and SMA is loaded, the load is transferred through the aggregate matrix and
the elastic resistance is derived from friction and particle interlock. The multiscale approach
did not consider the contribution to bearing capacity due to interlocking and friction between
aggregate particles. Therefore, the numerically calculated E-modulus of the SMA was much
lower than the experimental one. The proposed multiscale method shall give more realistic
results for asphalt mixture with high bitumen content (e.g. Gussasphalt)
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6. A continuummechanical model for
asphalt pavements based on
Fourier aided finite element
analysis (FSAFEM)
Continuum mechanical models using 3D FE analysis of flexible pavement structures require a
large amount of computer resources. The FE computational costs, which are mainly associated
with the inversion of the global stiffness matrix, increase substantially with the number of finite
elements as well as with the complexity of the materials. So, the solution of a 3D FE model
of a viscoelastic-nonlinear asphalt concrete pavement including dynamic effects, may require
hours/days of computing time.
With the existing, general purpose, FE computer programs (e.g., Abaqus, Ansys, Comsol) it
is possible to perform 3D FE analyses of pavements, including material non-linearities and
dynamic effects. However, the main question within the framework of M-E pavement design is
whether it is necessary to implement these capabilities for routine road design.
One of the most important requirements of a mechanistic pavement response model is that
it must be capable to perform all analysis calculations within seconds. The time required to
perform a response analysis is a complex function that depends on the dimensionality of the
problem (e.g., 2D vs. 3D), the complexity of the geometry, the material constitutive behavior, and
computer type and speed [91]. A broad estimation of calculation times on current generation
personal computers is given in Table 6.1:
Table 6.1. Estimation of calculation times of the response of a pavement structure.
Calculation method Estimated time
MLET with linear elastic materials Tenths of seconds
MLET with viscoelastic materials Seconds
Two dimensional (2D) FE axisymmetric Seconds
3D FE with linear elastic materials Minutes
3D FE with non-linear materials Hours
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Note that the dimensionality of the problem plays a major role in the analysis time. The
required dimensionality of an analysis is a function of the pavement geometry and loading condi-
tions. In most flexible pavement problems there are two main sources of three-dimensionality:
• multiple wheel loads, and
• non-uniform contact stress distribution (i.e., real tire footprints)
It will be advantageous to combine the simplicity and speed of the 2D FEM with the geometric
model capabilities of the 3D FEM. This can be done by using a hybrid method, known as FSAFEM,
that merges the versatility of the FEM with the computational efficiency of analytical solutions.
The FSAFEM discretizes the cross section of the pavement in finite elements and performs
Fourier analysis in the longitudinal direction. The method takes advantage of the geometrical
symmetries that exists in the pavement by reducing the 3D problem into several 2D problems.
Traditionally, the FSAFEM has been applied to axisymmetric models expressed in cylindrical
coordinates [67], however, it can also be implemented for models expressed in Cartesian
coordinates. Figure 6.1 shows graphically the comparison of meshing strategies between the
three calculation methods used to determine stresses and strains within pavements. The 3D
FEM divides the whole model into small elements and every element has nodes with degrees of
freedom. On the other hand, the MLET does not require meshing, and therefore the calculation
is computationally efficient. An intermediate approach is the FSAFEM, in which only a part of





















a) 3D-FE. b) FSAFEM. c) MLET.
Figure 6.1. Schematic representation of meshing strategies of different pavement response
models.
The detail formulation of FSAFEM as applied to the stress analysis of asphalt concrete pave-
ments is given in this chapter. The validity of FSAFEM is verified by comparing its results against
the commercial FE-software Abaqus. The application of FSAFEM into the pavement design pro-
cess is demonstrated in the next chapter by performing a mechanistic design of a thin-surfaced
pavement under the action of non-uniform tire loads.
6.1. Formulation of stress analysis of flexible pavements through
FSAFEM
The primary idea behind the FSAFEM, as applied to flexible pavement structures, is to perform
Fourier analysis in the traffic direction, and use finite elements in the cross section of the
pavement. The cross section plane (plane x-y), is discretized using a 2D-FE mesh (Figure 6.2),
and the variation of fields in this plane are described using nodal values and shape functions.
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In the longitudinal direction, z-direction, the distributions of variables are expressed by Fourier
series . The FSAFEM reduces the dimension of the FE model to two with the consequent


























Figure 6.2. FE mesh in the transverse plane.
The geometry of a pavement allows a Cartesian coordinate system to be defined such that the
coordinate x can be used for the transverse direction, the coordinate y for the depth direction
and the coordinate z for the traffic direction. The limits of this coordinate system are given in
Table 6.5.
Table 6.2. Limits of the domain.
Coordinate Direction Domain limit (mm)
x transverse direction 0< x <Pavement width
y vertical direction 0< y < Pavement height
z longitudinal direction –∞ < z < ∞
FSAFEM approximates the pavement as straight and infinite in the longitudinal direction
(traffic direction). This approximation is valid for most pavements where their length and radius
of curvature are both much larger than their thickness and width.
With the above conventions, the mathematical statement for the numerical analysis of a
pavement reduces to solving the following kinematic, constitutive and balance field equations:






























⎫⎬⎭ = Lu (6.1)
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d1 d2 d2 0
d2 d1 d2 0
d2 d2 d1 0
0 0 0 d3
⎤⎥⎥⎦ ;D2 = [︃d3 00 d3]︃







⎫⎬⎭ = f (6.4)
with the following boundary condtions:
• Prescribed displacements:
– at x = 0 and x =pavement width:
ux = uz = 0 (6.5)
– at y = 0:
ux = uy = uz = 0 (6.6)
• Prescribed tractions:










= p(x, z) (6.7)
From Equation 6.7 it is clear that the traffic load, p, has components in the vertical and
horizontal directions. That means that not only the tire pressure (vertical load) but also the tire
friction loads (horizontal loads) can be simulated.
Assuming that, 1). the material properties do not vary in the traffic direction (i.e., stress
hardening or softening is not considered), and 2). the materials behave linearly, the following
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Fourier transform can be applied in the z dimension:
f̂ (ξ) = ∫︂ ∞
–∞
f (z)e–iξzdz (6.8)
By applying the above transformation to all field equations (Equations 6.1 to 6.4), and to all
boundary conditions (Equations 6.5 to 6.7), it results in:














2. The kinematic, constitutive and balance equations are replaced by Equations 6.10, 6.11
and 6.12, respectively :
ε̂ = L̂û (6.10)
σ̂ = Dε̂ (6.11)
L̂
T
σ̂ = f̂ (6.12)
3. The boundary conditions becomes:
Prescribed displacements:
• at x = 0 and x =pavement width:
ûx = ûz = 0 (6.13)
• at y = 0:
ûx = ûy = ûz = 0 (6.14)
Prescribed tractions:










= p̂(x, ξ) (6.15)
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The traffic load can be idealized using a periodic loading in z direction with a period T , as
seen in Figure 6.3. This assumption is not always correct, however, a better approximation is
rarely available. Hence, the Fourier transform of all the variables that are spatial dependent













Figure 6.3. Periodic traffic loading.
By expanding the displacement vector, u, in Fourier series it can be split into a symmetric
part, us, and an antisymmetric (or skew) part, ua, according to the Fourier development:






































the displacement vector, u, can be written in a reduced form by introducing the matrices Nsj






















































Analogous, the force vector, f , with components in the vertical direction (vertical load) and in
the shear direction (friction loads) can be expressed as follows:




(f x)ˆ sj cos(ξjz)
(f y)ˆ sj cos(ξjz)
(f z)ˆ sj sin(ξjz)
⎫⎪⎪⎬⎪⎪⎭ +
⎧⎪⎪⎨⎪⎪⎩
(f x)ˆ aj sin(ξjz)
(f y)ˆ aj sin(ξjz)











































cos(ξjz) 0 0 0 0 0
0 cos(ξjz) 0 0 0 0
0 0 cos(ξjz) 0 0 0
0 0 0 cos(ξjz) 0 0
0 0 0 0 sin(ξjz) 0






sin(ξjz) 0 0 0 0 0
0 sin(ξjz) 0 0 0 0
0 0 sin(ξjz) 0 0 0
0 0 0 sin(ξjz) 0 0
0 0 0 0 cos(ξjz) 0
























The Fourier strain fields, ε̂s and ε̂a, can be expressed in terms of the Fourier displacement







j = L̂sj ûsj (6.30)
ε̂
a


































































Considering the materials as isotropic and linear elastic, the stress tensor, σ , is expressed in
terms of the displacements vector, u, using Hooke’s law:





























d1 d2 d2 0
d2 d1 d2 0
d2 d2 d1 0
0 0 0 d3
⎤⎥⎥⎦ ;D2 = [︃d3 00 d3]︃
d1 = E(1 – ν)(1 + ν)(1 – 2ν) ; d2 = Eν(1 + ν)(1 – 2ν) ; d3 = E2(1 + ν)
The final pavement analysis reduces to solving the 2D boundary value problem for all ξj.
The solution of Equations 6.10 to 6.14 in the 2D domain can be solved using the FEM. The
mathematical statement for the FE analysis consists of solving the variational form of the total
potential energy, Π, :
δΠ = δU – δW = 0 (6.37)






























































































































When integrating with respect to z, a large a mount of terms are simplified, or become zero,

























cos(ξjz)cos(ξjz) = T2 if j ̸= 0; (6.46)
The variational of the Internal energy, U, can now be simplified as:

















































































After simplifying the following is obtained:
δW = ∫︂
Ω





















































































































The next step is to perform FE discretization of the Fourier displacement fields, ûsj and û
a
j ,












j )k = Ndaj (6.56)
A linear 4-node element (Figure 6.4a) and a quadratic 8-node (Figure 6.4b) isoparametric























Figure 6.4. Isoparametric elements.
Table 6.3. Shape functions of 4-node (Figure 6.4a) and 8-node (Figure 6.4b) elements.
Node No. 4-node element 8-node element
1 14 (1 – η1) (1 – η2) 14 (1 – η1) (1 – η2) (–η1 – η2 – 1)
2 14 (1 – η1) (1 + η2) 12 (1 – η1) (︁1 – η22)︁
3 14 (1 + η1) (1 + η2) 14 (1 – η1) (1 + η2) (–η1 + η2 – 1)
4 14 (1 + η1) (1 – η2) 12 (︁1 – η12)︁ (1 + η2)
5 14 (1 + η1) (1 + η2) (η1 + η2 – 1)
6 12 (1 + η1) (︁1 – η22)︁




)︁ (1 – η2)
Inserting the FE interpolation (Equation 6.55 and Equation 6.56 ) in the variational form of
the total potential energy (Equation 6.51) yields the final FE stiffness equation:







B̂(x, y, ξ) = L̂(ξ)N(x, y) (6.59)






The integration in the transversal plane (x-y plane) is performed using Gaussian quadrature.
Thus, the FSAFEM reduces the dimension of the FE model to two. However, the 2D-problem
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has to be solved independently for all Fourier frequencies used to describe the load, which
requires an amount of data storage and computational effort that increases with the number
of harmonics. Therefore, a compromise has to be found between the speed of computation
and accuracy to represent the load.
6.2. Modelling of interfacial deformation between asphalt
concrete layers in FSAFEM
The interlayer bond of flexible pavements is defined as the connection at the interfaces be-
tween the individual asphalt concrete layers. Recent studies [82],[60],[59] using mechanistic
models have shown that de-bonding of asphalt concrete layers results in reduced pavement
life expectancy due to early appearance of a variety of distresses, such as cracking, rutting and
potholes [52] . It is therefore in the interest of road authorities to develop reliable numerical
methods to better understand the effect of the interlayer bond in the pavement responses.
In the FE method, there are essentially four different approaches to deal with interlayer bond
problems [67], as listed below:
• Continuous elements with small but finite thickness and standard/special constitutive laws
and material models. These elements are commonly referred as thin-layer elements. The
major issues associated with such elements are the choice of the consititutive relationship
and the thickness of the thin layer (Figure 6.5a).
• Discrete springs in which only the connections between opposite nodes are considered
(Figure 6.5b).
• Zero thickness interface elements (Figure 6.5c).
• Hybrid methods where both layers are modeled independently and linked through con-














Figure 6.5. Common methods to model interlayer bond in FEA.
In this thesis, the interfacial deformation at the interlayer zone was modeled using the zero
thickness element proposed by Goodman [41]. Goodman’s element has four nodes and is fully
compatible with the four node isoparametric element implemented in FSAFEM (Figure 6.4a).
Figure 6.6 shows the schematic representation of Goodman’s element. As seen in the figure,
the element is characterized by its length, L, and by its thickness, t. The thickness is zero before


























Figure 6.6. Schematic representation of Godman’s element.
A formulation of Goodman’s zero-thickness isoparametric interface element was imple-
mented in the FSAFEM using the same methodology explained before for the solid elements.









At any point of the interface there are two sets of displacements that describe the displace-
ment on each side of the element: the top displacement makes reference to the top surface
of the element, and the bottom displacement refers to the bottom surface. Consequently,






⎡⎣ cos(ξjz)(ûsj )top + sin(ξjz)(ûaj )topcos(ξjz)(v̂sj )top + sin(ξjz)(v̂aj )top









⎡⎣ cos(ξjz)(ûsj )bot + sin(ξjz)(ûaj )botcos(ξjz)(v̂sj )bot + sin(ξjz)(v̂aj )bot















































The strain fields, ε̂s and ε̂a, can be transferred to Fourier displacement fields, ûs and ûa:
ε̂
s
j = (ûsj )top – (ûsj )bot (6.68)
ε̂
a
j = (ûaj )top – (ûaj )bot (6.69)





























The stress tensor, σ , can be written in terms of the displacements vector, u, using the following
constitive relationship of the interface:















where ksxy and ksyz are the shear stiffness of the interface and kn is the normal stiffness.
The interface is discretized by a mesh in order to obtain the unknown displacements directly
at the nodes. The FE discretization of the Fourier displacement fields is obtained using the nodal
displacement vector, d = {u1, v1,w1,u2, v2,w2,u3, v3,w3,u4, v4,w4}T , and the shape functions
of the Goodman’s element (Table 6.4), as follows:
(ûs,aj )bot = N1(u1)s,aj + N2(u4)s,aj (6.74)
(v̂s,aj )bot = N1(v1)s,aj + N2(v4)s,aj (6.75)
(ŵs,aj )bot = N1(w1)s,aj + N2(w4)s,aj (6.76)
(ûs,aj )top = N2(u2)s,aj + N1(u3)s,aj (6.77)
(v̂s,aj )top = N2(v2)s,aj + N1(v3)s,aj (6.78)
(ŵs,aj )top = N2(w2)s,aj + N1(w3)s,aj (6.79)
Table 6.4. Shape functions of 4-node Goodman’s elements.
Node No. 4-node Goodman’s element
1 N1 = 12 – η1L
2 N2 = 12 + η1L
The element stiffness matrix of the interface element is written in the traditional manner:







B̂ = ⎡⎣–N1 0 0 N1 0 0 N2 0 0 –N2 0 00 –N1 0 0 N1 0 0 N2 0 0 –N2 0
0 0 –N1 0 0 N1 0 0 N2 0 0 –N2
⎤⎦ (6.82)
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The integral of Equation 6.81 can be solved exactly, giving the following interface element
stiffness matrix for each Fourier harmonic used to describe the load:
K̂ = L6
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
2ksxy 0 0 –2ksxy 0 0 –ksxy 0 0 ksxy 0 0
2kn 0 0 –2kn 0 0 –kn 0 0 kn 0
2ksyz 0 0 –2ksyz 0 0 –ksyz 0 0 ksyz
2ksxy 0 0 ksxy 0 0 –ksxy 0 0
2kn 0 0 kn 0 0 –kn 0
2ksyz 0 0 ksyz 0 0 –ksyz
2ksxy 0 0 –2ksxy 0 0
2kn 0 0 –2kn 0






6.3. Validation of FSAFEM with a 3D FE model
This section aims at validating the proposed semi-analytical method for calculation of flexible
pavement responses. For this purpose, a typical flexible pavement of a high volume road of
Germany was modeled, and the results of FSAFEM were compared with an equivalent 3D FE
simulation. The 3D FE simulation was performed in Abaqus. The FSAFEM simulation was carried
out with an in-house developed software, Dromos.
Dromos was programmed by the author using the Fortran language. The software comprises
three sections/modules:
• Preprocessing section: this section defines the data structures of the problem. The
preprossesing module cosists of a mesh generator (finite element discretization), and
a load generator. The mesh generator creates the 2D FE mesh of the pavement cross
section and, the load generator calculates the Fourier coefficients of the load.
• Processing section: in this module is where the stiffness matrices, force vectors, etc., are
computed for each Fourier harmonic. The processing section solves the FE boundary
problem.
• Postprocessing section: here the conversion from the frequency domain to the time
domain is performed, and the pavement responses, in terms of displacement, stresses
and strains, are calculated at the requested locations. The prostrocessor creates files
compatible with an open source visualization tool, Paraview [7].
The first release of Dromos does not have a graphical user interface and it must be executed
from the command line. Figure 6.7, shows the user interface of the first module of Dromos
(preprocessor and mesh generator).
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Figure 6.7. User interface of Dromos.
6.3.1. Pavement structure
The flexible pavement consisted of three asphalt concrete layers (ADS, ABS and ATS) on top of a
granular frost protection layer (FFS), and a subgrade (UG). Figure B.1 shows the identification and
thickness of each layer. The asphalt concrete layers were modeled assuming full bond between
them. The interface between the asphalt base course (ATS) and the frost protection layer (FSS),

























Figure 6.8. Pavement structure.
The domain limits were chosen enough large to minimize their contribution to the stresses
and strains in the vicinity of the wheel load. The limits of the domain are given in Table 6.5.
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Table 6.5. Pavement limits.
Coordinate Direction Domain limit (mm)
x transverse direction 0 < x < 8200
y vertical direction 0 < y <Pavement thickness
z longitudinal direction 0 < z < 8200
6.3.2. Temperature
A surface temperature of 47.5 °C was assumed. The temperature distribution through the
pavement thickness was determined with the following equation:
T (y) = –12ln(0.01y + 1) + 47.5 (6.84)
where T is the temperature of the asphalt at a depth of y mm from the surface.
6.3.3. Materials
Asphalt
Asphalt layers were considered as isotropic linear elastic. The time-temperature dependency
of the stiffness of the asphalt was modeled with Equation 6.85. The material parameters for
each asphalt layer are given in Table 6.6.
|E∗|(T , f ) = Emin + Emax – Emin1 + e(a1ξ(T ,f )+a2) (6.85)
ξ(T , f ) = log10(︃em(︂ 1T+273– 1Tr+273)︂f)︃ (6.86)
where T is the temperature, f is the frequency, T r is a reference temperature (T ref = 20°C)
and Emin, Emax, a1, a2,m are material parameters.
Table 6.6. FSAFEM validation: material properties.
Material Emin (MPa) Emax (MPa) m a1 (-) a2 (-)
ADS 0.0 23888.0 17634.0 -0.85778394 2.68129721
ABS 0.0 47949.0 19184.0 -0.5778797 1.72225919
ATS 0.0 39499.0 18773.0 -0.55628119 2.02020318
The stiffness gradient of asphalt concrete, due to in-pavement temperature variation, was
accounted by subdividing the asphalt concrete layers in small sublayers. The stiffness of each
sublayer was determined with Equation 6.85 using the mid-depth temperature of the sublayer
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and a frequency of 10 Hz. The calculated E-modulus of each sublayer is given in Figure B.2. The
Poisson’s ratio of all asphalt concrete layers was assumed temperature independent with a
constant value of ν = 0.35.
Figure 6.9. Stiffness gradient due to temperature variation within the asphalt concrete layers
Unbound granular materials
Unbound granular materials were modeled assuming linear elastic behavior. The material
properties are given in Table 6.7.
Table 6.7. Material properties.




The traffic load was represented by a single load exerting a uniform distributed pressure of 700
kPa on a square patch of 300 mm side. FSAFEM decomposes the load in harmonic components
of a fundamental frequency. For continuous periodic signals, a sufficiently large number of
harmonics can be used to approximate the signal very well. However, for periodic signals with
discontinuities, such as a periodic square load, even a large number of harmonics will not be
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sufficient to reproduce the square shape exactly. This effect is known as Gibbs phenomenon
and it manifests itself as an overshoot close to the transition of the square signal. An illustration
of Gibbs phenomenon is given in Figure 6.10. The figure shows the Fourier expansion of the
load using 100, 200 and 400 harmonics. The higher the number of harmonics the better the
fitting. In all cases, and regardless of the number of harmonics, it is observed the overshoot of





























a) Schematic representation of the load.





























b) Fourier representation of traffic load.
Figure 6.10. Fourier representation of traffic load.
6.3.5. Finite element mesh
Figure 6.11 shows the finite element mesh generated with Abaqus and Dromos. The cross
section of the 3D-FE mesh matches exactly with the 2D mesh of FSAFEM. This was done to
reduce uncertainties associated with different mesh and discretization schemes.
a) 3D mesh generated with Abaqus. b) 2D mesh generated with Dromos.
Figure 6.11. Finite element mesh.
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6.3.6. Results
The outputs from the simulations in terms of stresses, strains, and displacements at the cross
section of the pavement are given in Figure 6.12 to Figure 6.21. The results are presented in a
qualitative format, in which the objective is simply detection of the differences in color patterns.
Comparison of the patterns shows no significant difference between the results of Abaqus and
Dromos. The quantitative results are presented in a more extended fashion in Appendix F.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.12. Vertical nodal displacements.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.13. Transverse nodal displacements.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.14. Vertical stresses.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.15. Transverse stresses.
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a) 3D FEM (Abaqus)
b) FSAFEM (Dromos)
Figure 6.16. Longitudinal stresses
a) 3D FEM (Abaqus)
b) FSAFEM (Dromos)
Figure 6.17. Shear stresses
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.18. Vertical strains.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.19. Transverse strains.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.20. Longitudinal strains.
a) 3D FEM (Abaqus).
b) FSAFEM (Dromos).
Figure 6.21. Shear strains.
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Of particular interest are the critical response variables required as inputs to common
pavement distress models of M-E design procedures. Examples of critical pavement response
variables include:
• The surface displacement as indicator of elastic deformation (Figure 6.22).
• The tensile horizontal strain at the bottom of the asphalt concrete layer as an indicator of
fatigue cracking (Figure 6.23).
• The compressive vertical stresses and strains within the asphalt concrete layer as indica-
tors of asphalt concrete permanent deformation (Figure 6.24).
• The compressive vertical stresses and strains at the top of the subgrade as indicator of
subgrade permanent deformation (Figure 6.25).



























Figure 6.22. Vertical displacements at the surface of the pavement.























3DFEM (Abaqus) FSAFEM (Dromos)
a) Transverse strains.























3DFEM (Abaqus) FSAFEM (Dromos)
b) Longitudinal strains.
Figure 6.23. Horizontal strains at the bottom of the asphalt basecourse.
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3DFEM (Abaqus) FSAFEM (Dromos)
b) Vertical strains.
Figure 6.24. Vertical stresses and strains under the load in the asphalt concrete layers.



















3DFEM (Abaqus) FSAFEM (Dromos)
a) Vertical stresses.
























3DFEM (Abaqus) FSAFEM (Dromos)
b) Vertical strains.
Figure 6.25. Vertical stresses and strains at the top of the subgrade.
The results of the FSAFEM were almost identical to the results of the 3D FEM. However,
there was a notorious difference in the computational time. Abaqus required almost 45 times
longer than Dromos to solve the problem, as evidenced in the table 6.8. Abaqus long time
was explained in part due to the iterations needed to resolve the surface-to-surface contact
between sliding asphalt concrete layers.
Table 6.8. CPU times.
Software Method No. of Fourier harmonics CPU time∗
Abaqus 3D FEM N.A. 2187 sec.
Dromos FSAFEM 400 47 sec.
* Dromos simulation was performed in a computer with an Intel(R) Core(TM) i5-9400F CPU @
2.90GHz. Abaqus simulation was carried out in a computer with an Intel(R) Xeon(R) CPU E5-4620 v2
@ 2.60GHz.
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7. Effect of non-uniform tire contact
loads on the response of thin
asphalt layer pavements
The European low volume road network (roads with less than 1000 Average anual daily traffic
(AADT)) consists, to a large extent, of relatively Thin asphalt layer (TAL) pavements. This type of
structure has been widely adopted because it is cost-effective, requires fewer energy resources,
and is fast to build compared with traditional thick asphalt concrete pavements [20]. TAL
pavements are mainly used in low volume road networks of scarcely populated areas. These
roads are vital to providing the rural population and associated rural industry with an all-year-
round transportation solution. Furthermore, a well-maintained road network is essential in
attracting tourists to these areas.
TAL pavements commonly consist of an upper thin bituminous layer (25 mm to 120 mm
thickness) over one ormore Unbound granularmaterial (UGM) layers (base course and subbase)
on top of a compacted soil subgrade [11][89]. The bearing capacity of this structure is provided
to a large extent by the UGM with the upper bituminous surfacing acting as a waterproofing
layer.
Despite the radical changes that numerical modeling has introduced to pavement engineering,
the M-E method has been implemented only to thick asphalt concrete pavements. Instead, the
design of low volume roads, made mostly of TAL pavements, is almost always done empirically,
and the cross-sections and construction materials of these roads are based on country-specific
experience in high-standard asphalt concrete pavements.
Currently in Germany, all low volume roads (< 300.000 -10t standard axle load) are designed
with a minimum asphalt concrete thickness of 120 mm. However, experience from other
countries (e.g., Australia, New Zealand, USA, Sweden, Finland) showed that for low traffic volume
it is feasible to have long service life roads with asphalt concrete layers of less than 50 mm
thickness [89]. The requisite is that high quality UGMs with a good bearing capacity and high
resistance against plastic deformation are used [12], [89], [33], [69].
Mechanistic design allows a range of variables to be studied and manipulated in order to
identify their combined influence over the appearance of pavement distresses. The variables
that are usually controlled are the material properties, the thickness of the pavement layers, the
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effect of temperature changes andmagnitude of the load. However, in the opinion of the author,
additional attention should be given to the potential impact of the effects of non-uniform tire
pressure loads on the pavement responses.
Most M-E pavement design methodologies assume that the tire load is applied evenly over a
circular contact area, which size depends on the contact pressure of the tire. However, the tire
contact pressure is actually not evenly distributed over a circular area [30]. Measurements of
the contact pressure between road surface and moving tires has shown that the distribution of
stresses depends mainly on the load of the tire, the inflation pressure, and the characteristics
of the materials from which the tire is made [85]. On this context, this section presents the
numerical modeling of two pavements with different asphalt concrete surface thickness under
a representative tire load. The objective was to identify the impact of the non-uniform tire
contact stresses on the useful life of TAL pavements. Two design conditions were investigated:
summer and spring thaw. In summer the stiffness of the asphalt concrete layer is reduced. In
the spring thaw, water content in the granular layers increases substantially, which leads to a
loss of bearing capacity of the UGMs.
The following methodology was applied in the study:
1. Initially, the pavement structures, traffic load and materials were defined.
2. An analysis was performed in FSAFEM in which the tire load was modeled using a non-
linear stress distribution.
3. A similar analysis was performed with an equivalent circular stress distribution.
4. The results obtained in step (2) and (3) were compared and conclusions were drawn.
7.1. Pavement structures
A typical flexible pavement of a low volume road in Germany consists of a granular subbase for
frost protection, an unbound roadbase (basecourse), and an asphalt concrete wearing course.
The thickness of the frost protection layer depends on the climatic conditions of the region and
the frost sensitivity of the subgrade. In Germany, for frost sensitive subsoils, the overall frost
protection thickness (i.e., asphalt layer + basecourse + subbase) varies between 350 mm and
650 mm for asphalt pavements under low traffic conditions [75]. Based on these requirements
the following two pavement structures were investigated:
• Structure 1: this pavement structure was selected to satisfy the basic requirements
regarding traffic and frost conditions of a low volume road near Dresden, Germany. The
chosen pavement structure consisted of 4 cm asphalt concrete surface and 8 cm of
asphalt concrete basecourse, underlying by a granular base layer of 18 cm and a subbase
of 35 cm.
• Structure 2: this is a TAL pavement with the same frost protection thickness as structure
1. However, the thickness of the asphalt concrete layer was reduced to 4 cm. To keep the
same pavement depth, the thickness of the granular basecourse was increased to 26 cm.













































b) Structure 2: TAL pavement.
Figure 7.1. Pavement structures used in the analysis.
7.2. Traffic load
The traffic load corresponds to the vertical stress distribution measured under a wide base
radial tire 385/65R22.5 with a tire inflation pressure of 900 kPa. The tire was subjected to a
static load of 35 kN . The measurements were taken with the Tire Stiffness Test Rig (SteiReP) of
the institute of automotive engineering of RWTH Aachen. SteiReP is a fully automated static
vertical, lateral, longitudinal and torsional stiffness measurement equipment for non-rolling
tires. The chosen tire corresponds to an European articulated truck with super-single trailer
tires (equivalent axle load of approx. 7 tonnes). This is a highly probable traffic load that can be
expected on a low volume road of Germany.
Dromos requires the tire footprint measurements to be transformed in Fourier space. Figure
7.2 shows the results of the transformation for 100, 200 and 400 Fourier harmonics. It can
be observed that with 400 Fourier terms it was possible to reliably reproduce the tire tread
measurements.
The actual tire footprint was compared with an equivalent uniform load under a circular
patch. Although this is not entirely correct, the error is usually neglected in most M-E design
methodologies. The measured footprint contact area (45908 mm2) and the applied tire load
(35 kN) were used to obtain an equivalent circular load of 762 kPa over a circular patch of 121
mm radius.
104
-100 -50 0 50 100 150

















































-100 -50 0 50 100 150
















































b) 100 Fourier harmonics.
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c) 200 Fourier harmonics.
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d) 400 Fourier harmonics.
Figure 7.2. Tire footprints.
7.3. Materials
Climatic loads were taken into account indirectly through effects on material properties: asphalt
concrete stiffness decreases in summer and the stiffness of unbound granular materials
changes with moisture. All materials were modeled assuming isotropic linear elastic behavior.
The elasticity modulus of each layer is given in Table 7.1. A constant Poisson’s ratio of 0.35 for
asphalt concrete, and 0.4 for granular materials was used in both design cases.
Table 7.1. E-modulus of each pavement layer.
E-modulus in MPa
Layer Summer Spring thaw
Asphalt concrete surface layer (ADS) 3000 10000
Asphalt concrete binder layer (ABS) 4000 12000
Granular basecouse layer (ToB) 400 120
Granular frost protection layer (FSS) 120 80
Subgrade (UG) 45 25
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7.4. Finite element mesh
The computation time required to solve the problem depends on the number of Fourier
harmonics used to describe the load and the number of finite elements used to discretize
the domain. A fine mesh will provide a more accurate solution at the expense of increasing
computation time. A series of finite element simulations were performed to find a trade-off
between accuracy and speed. Figure 7.3a shows the chosen mesh. The mesh consisted of
15688 isoparametric elements, and 16334 nodes with three degrees of freedom each. A finer
mesh was created in the load area to capture the irregular shape of the footprint, as seen in
Figure 7.3b.
a) Final mesh in the cross section of the pavement. b) Mesh detail of loading area.
Figure 7.3. Finite element mesh.
7.5. Results
Figures 7.4, 7.5 and Figure 7.6 show the results of Dromos in terms of stress and strain
distributions within the thin asphalt concrete layer of structure No. 2 (TAL pavement). The input
tire foot-print was highly non-uniform, and it was expected that this would have a significant
effect on the response stresses and strain in the asphalt concrete layer. This was true at the
vicinity of the load, within the first 20 mm of the pavement. Stress and strain peaks were
determined near the pavement surface. These peak values may be the responsible of localized
plastic deformation at high temperatures. It was observed that stresses and strains redistribute
very fast within the asphalt concrete, taking on an uniform shape at depths lower than 35 mm.
It is noteworthy that there was a notorious difference between both load cases (footprint and
circular) regarding the magnitude of the longitudinal strains. On the other hand, the transverse
strains were very similar.
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a) Non-uniform load (footprint). b) Uniform load (circular).
Figure 7.4. Vertical stresses (MPa) in the asphalt concrete layer of Structure 2 (TAL pavement).
a) Non-uniform load (footprint). b) Uniform load (circular).
Figure 7.5. Transverse horizontal strains (mm/mm) in the asphalt concrete layer of Structure 2
(TAL pavement).
a) Non-uniform load (footprint). b) Uniform load (circular).
Figure 7.6. Longitudinal horizontal strains (mm/mm) in the asphalt concrete layer of Structure
2 (TAL pavement).
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7.5.1. Fatigue of the asphalt concrete layer
The parameter used for the analysis of the fatigue cracking in the asphalt concrete layer was
the tensile longitudinal strain at the bottom of the layer. Figure 7.7 shows the results for both
design cases. As expected, the TAL pavement (structure 2) showed a higher risk of failure due
to asphalt concrete fatigue. The most critical scenario was during summer, where the strain
difference between the non-uniform pressure load and the circular pressure load was more
than 50%. This means that the tire pressure distribution plays a very important role in the
fatigue resistance of the pavement, especially when the asphalt concrete layer is very thin.





















Non uniform load (footprint)
Uniform load (circular)
a) Summer design case.





















Non uniform load (footprint)
Uniform load (circular)
b) Spring thaw design case.
Figure 7.7. Longitudinal strains at the bottom of the asphalt concrete layer.
7.5.2. Rutting originated in the granular basecourse and subgrade
M-E design methods usually intended to protect the pavement from the fatigue of the asphalt
concrete layers and rutting originating in the subgrade; however, no considerations are made
for the plastic deformation of the UGM layers. Instead, it is assumed that no plastic deformation
occurs if the UGM complies, for example, with some specifications that include criteria for
aggregate strength, durability, cleanliness, and grading. This assumption is not valid for TAL
pavements for which the life span is governed by the maximum rut depth derived from the
plastic deformation originated in the granular base course and subgrade, near the load ([12],
[89], [33], [69]). Full-scale tests carried out on thin surfaced pavements in Australia, and New
Zealand showed that up to 70% of the total plastic deformation occurred in the base course
([11], [65], [80]). This source of rutting is of primary concern, especially in areas where water or
ice can be collected, resulting in a traffic safety risk.
In order to account for this source of rutting, the author propose a strain-based "routine
level" approach, in which the risk against permanent deformation in the granular basecourse
and subgrade is correlated with an indirect index that assess the permanent deformation
propensity of the material . The chosen index, referred to as rutting index, was the maximum
vertical compression strain of the layer.
Figure 7.8 shows the rutting index of the basecourse layer. It was observed that the tire
footprint did not affect substantially the maximum vertical strain of the basecourse. The
difference between both load modes (footprint and circular load) was found during summer
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of Structure No. 2 (around 10% difference). As expected, the maximum risk of permanent
deformation was in the spring thaw of the TAL pavement. The results showed that the thickness
of the asphalt concrete layer governs the susceptibility of rutting originated in the basecourse.
It was concluded that for very thin asphalt concrete layers or for chip seal surfacings it is
necessary to use very high-quality aggregates to be able to withstand the high traffic stresses
in the basecourse, specially at periods with high moisture content.




















Non uniform load (footprint)
Uniform load (circular)
a) Summer design case.




















Non uniform load (footprint)
Uniform load (circular)
b) Spring thaw design case.
Figure 7.8. Maximum vertical strain in the granular base course.
Figure 7.9 presents the rutting index of the subgrade. The results showed that the non-
uniform tire footprint did not have any effect in the magnitude of the maximum vertical com-
pression strains of the subgrade. So, it was concluded that a simplification of uniform circular
stress distribution is valid for this failure mechanism. It was observed that the spring thaw
condition doubled the risk of permanent deformation in the subgrade of the TAL pavement.



















Non uniform load (footprint)
Uniform load (circular)
a) Summer design case.
























Non uniform load (footprint)
Uniform load (circular)
b) Spring thaw design case.
Figure 7.9. Maximum vertical strain in the subgrade.
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8. Conclusions and future work
The main objectives of this research were twofold: 1). to develop advanced material charac-
terization techniques for bitumen, mastic and mortar aiming to improve the knowledge of
the behavior of asphalt concrete at micro and meso scales, and 2). to develop an efficient
macro-mechanical numerical model capable of determining flexible pavement responses to
traffic and environmental loads.
The first objective, which is linked to the experimental part of the thesis, was covered in
Chapter 3 to Chapter 5 . Chapter 3 presented a new testing procedure in the DSR for bitumen
and mastics. This testing method, known as multiwave test, was envisaged as a fast alternative
to traditional isothermal frequency sweeps. Chapter 4 investigated the modifying effect of
mineral fillers on the viscoelastic behavior and performance of bitumen. Mineral fillers are not
bitumen modifiers per se, however, it was observed that the rheological properties of bitumen
are largely affected by the interaction with the fillers. Chapter 4 introduced two testing methods
to characterize the low temperature behavior and fatigue resistance of bitumen and mastics in
the DSR. The experimental part of the thesis finalizes in Chapter 5 with the development of a
testing device, known and Dresden dynamic shear tester(DDST), to characterize the viscoelastic
properties of mortar as input to multiscale modeling of asphalt concrete. From a multiscale
perspective, the main objective of Chapters 3 to 5 to increase the knowledge of characterization
andmodeling of asphalt concrete onmicro (μm...mm) andmeso (mm...dm) scales of observation,
as seen in Figure 8.1. The nano scale of asphalt concrete was not covered in this thesis because
this area is still a widely unknown scientific territory. Some advances in this area has been done

























Figure 8.1. Multiscale model of asphalt concrete. Modified after [8].
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The second objective was covered in Chapters 6 and 7. These chapters comprise the numer-
ical part of the thesis. In Chapter 6, a semi analytical macro-mechanical model was presented
as an efficient alternative to the 3D FEM for the calculation of flexible pavement responses.
This approach, known as FSAFEM, was developed aiming to combine the simplicity and speed
of the 2D FEM with the geometric capabilities of the 3D FEM. The FSAFEM merges the versatility
of the FEM with the computational efficiency of analytical solutions. The main advantage of
FSAFEM in comparison with axisymmetric approaches (e.g. 2D FEM or MLET) is that it can
handle complex surface loadings such as multiple loads and non-circular stress distributions at
the tire-pavement interface. Chapter 7 presents a design methodology for thin asphalt layer
pavements using FSAFEM. The approach considers the effect of non-uniform tire pressure
loads on the road durability.
In the following, the most important findings, conclusions, limitations and recommendations
for future work of the main chapters of this thesis are presented.
8.1. Viscoelastic characterization of bitumen using multiwave
oscillation in the DSR (Chapter 3)
8.1.1. Findings and conclusions
• A new test methodology, known as multiwave test, was developed for the rheological
characterization of bitumen and mastic in the DSR.
• In the multiwave test, the material is subjected to a stress/strain excitation composed of
multiple frequencies within one oscillation cycle, thus improving productivity and reducing
experimental costs in comparison with traditional frequency sweeps.
• The results of multiwave tests on five unmodified bitumens of the same penetration
grade (Pen 50/70) were compared against isothermal frequency sweeps. The rheological
properties (i.e., dynamic shear modulus and phase angle) determined with both methods
were almost identical. However, with the multiwave test the time spent was considerably
reduced. The time efficiency of the multiwave test was almost 50% higher compared to
conventional temperature sweeps.
• It was evidenced that, despite having the same penetration grade, there were significant
differences in the rheological properties of bitumens of the same penetration grade.
This leads to the conclusion that empirical tests are not suitable to be used as input
for engineering design. Empirically-based material characterization is also not useful for
describing the increasing variety of bituminous materials.
8.1.2. Limitations and future work
• To be able to use the multiwave test in a daily basis, a more rigorous validation, including
aged and modified bitumen, is necessary. The applicability of the multiwave methodology
to mastics should also be further investigated.
• The underlying hypothesis of material characterization in the frequency domain is "steady
state". Transient effects due to the short signal duration of the multiwave test my have a
negative effect on the results. This aspect shall be investigated.
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8.2. Performance characterization of mastics in the DSR (Chapter
4)
8.2.1. Findings and conclusions
• Given the importance of mastics in the performance of asphalt mixtures, Chapter 4
presented the results of an experimental study on a reference bitumen and two mastics
with different mineralogy. The results of multiwave tests were used to identify the effects
of the type of filler on the viscoelastic behavior and performance of the reference bitumen.
The aging effect was also evaluated by comparing the rheological data of each mastic to
the aged counterpart.
• Aiming to reduce the laboratory effort, a numerical approach was explored in which
some performance tests were replaced by numerical simulations. The idea was to verify
the possibility to replace expensive laboratory tests by synthetic data from analogical
models. The results showed that using only themultiwave test together with the numerical
simulations it was feasible to characterize the rheological properties, rutting and low
temperature performance of the reference bitumen and the two mastics.
• The stiffening effect of the mineral fillers was investigated using master curves. It was
concluded that the addition of the filler shifts themaster curves of themastics upward. This
stiffening effect was evidenced in both aging conditions. However, no major differences
were found between the two fillers. An important observation was that the shape of all
master curves was similar, which means that the mastic’s viscoelastic trend was inherited
from the bitumen. This conclusion is valid for mastics within the diluted region, where the
mineral particles are suspended in the bitumen.
• A new testing procedure was developed to characterize the low temperature performance
of bitumen and mastics in the DSR. The results showed that the addition of mineral
fillers modified considerably the thermal stress development of the bitumen at cryogenic
conditions.
• The fatigue resistance of bitumen and mastics was investigated using time sweeps with a
column sample in the DSR. It was concluded that the addition of the fillers did not modify
the fatigue performance of the bitumen.
8.2.2. Limitations and future work
• Fatigue tests using a column geometry showed some limitations due to stress concen-
tration regions. Further work on this area is needed in order to eliminate uncertainties
associated with the geometry of the column, fabrication tolerances, and the failure path.
• As an alternative to the column geometry, a notched specimen, as the one shown in
Figure 8.2 can be used in future work.
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a) Mold for notched
specimens.
b) Notched specimen. c) Notched specimen in the
DSR.
Figure 8.2. Notched specimens for fatigue test.
8.3. Characterization of mortar as input to multiscale modeling
of asphalt (Chapter 5)
8.3.1. Findings and conclusions
• A novel shear tester, known as DDST, was created aimed to characterize the shear
response of asphalt at different length scales.
• The DDST is a versatile research tool that was conceptualized to determine the viscoelastic
properties of mortar as input to multiscale modeling of asphalt concrete.
• The ability to predict asphalt performance using multiscale modeling techniques would
enhance the design of flexible pavements. It would be advantageous if road engineers
could account for the effect of the asphalt constituents and bring out tailored mechanical
responses by optimizing specific parameters at the microscopic level, such as the bitumen
in the mortar or the shape/gradation of the aggregates.
• A synthetic multiscale model for asphalt concrete was presented. The multiscale model
uses the concept of RVE. It represents the asphalt as a three-phase-system made of a
mortar matrix, solid inclusions and air voids.
• From the multiscale modeling stand point, the viscoelastic nature of the mortar dictates
the macroscopic temperature-frequency dependency of the asphalt concrete.
8.3.2. Limitations and future work
• The DDST is a promising research tool, however, some manufacturing related issues (e.g.
tilting of the frame) make the device only useful for materials with reduced shear modulus.
Comparison with other testing devices showed that the DDST is not suitable for testing
materials with higher shear modulus than 3000 MPa.
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• It is envisage, in the future, to use the DDST to characterize the asphalt resistance to
permanent deformation (rut resistance) and damage (fatigue). Pilot time sweeps were
performed on an SMA 11S specimen, and the results were promising. Shear and compres-
sive permanent deformations were measured, and it was observed a notorious difference
between both loading modes.
• Prediction of asphalt concrete properties by means of multiscale homogenization tech-
niques is still a open research area. The proposed synthetic multiscale approach shall be
improved to account for the interlocking effect and friction between aggregate particles
within the asphalt concrete. This feature is of special importance for gap graded asphalt
mixes.
8.4. Fourier assisted finite element modeling for asphalt
pavements (Chapter 6)
8.4.1. Findings and conclusions
• A semi-analytical pavement response model, known as FSAFEM was presented. The main
idea behind this method, as applied to pavement modeling, is to perform Fourier analysis
in the longitudinal direction (traffic direction), and use finite elements in the cross-section.
In the FSAFEM the pavement is considered straight and infinite in the longitudinal direction
and the traffic load is approximated using a periodic load. These two idealizations allow
using Fourier series expansion to eliminate the spacial variable in the direction of traffic.
• The FSAFEM was programmed in Fortran into a software called Dromos. Dromos was
validated with 3D FE calculations in Abaqus. The pavement responses determined with
Dromos were identical to the responses obtained with Abaqus.
• FSAFEM showed higher time efficiency in comparison with the 3D FEM.
8.4.2. Limitations and future work
• In the future the following additions can be made to increase the versatility of Dromos:
– Dynamic analysis: incorporation of dynamic effects involves adding the acceleration
and themassmatrix to the governing equation. The acceleration term is added to the
Fourier domain and the mass matrix to the finite element domain. The incorporation
of the mass matrix will slightly increase the computational cost [32] .
– Viscoelastic material properties.
• It is important to recognize that unbound granular materials show not linear behavior.
Modeling unbound granular layers as linear elastic may introduce significant errors in the
analysis. FSAFEM cannot deal with material non-linearities, which is a major limitation for
its use in the M-E design of granular pavements.
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8.5. Effect of non-uniform tire contact loads on the response of
thin asphalt layer pavements (Chapter 7)
8.5.1. Findings and conclusions
• The results of FSAFEM calculations showed that non-uniform tire pressure plays an
important role in the performance of flexible pavements with thin asphalt surface layers.
• It was observed that fatigue life of TAL pavements is highly affected by the non uniformity
of the load.
• M-E design of TAL pavements must account for the seasonal loss of stiffness in UGM
layers due to increase of moisture content. Spring thaw period is of critical importance
due to a high risk of permanent deformation in the granular layers of TAL pavements.
• With the help of advanced numerical models and the experience of other countries, it
appears possible to have durable pavement structures with thin asphalt layers. However,
there are quality requirements that stipulate the type of materials that can be used in the
base course. Only high-quality UGMs that have high stiffness and low susceptibility to
plastic deformation may be used.
8.5.2. Limitations and future work
A linear elastic assumption for the unbound layers of TAL pavements has limited value for the
M-E design of these structures. The granular material in the vicinity of the load shall be modeled
using non-linear stress dependent models. The importance of this non-linear behavior on
critical stress and strain values is a function of the induced stress gradients within the pavement
and the inherit material non-linearity. Specially, when non-uniform tire loads are considered,
the non-linear behavior of granular layers becomes increasingly important.
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A. DynaPave: a software for the
simulation of layered viscoelastic
pavements under moving loads
DynaPave is a computer program that was created by the author within the framework of
the research project FOR-2089 founded by the German science foundation (DFG). One of the
primary characteristics of DynaPave is the inclusion of dynamic pavement surface loading and
viscoelastic material properties of asphalt layers. The viscoelastic material characterization is
feasible because DynaPave performs the calculations in the frequency domain.
A.1. Program description
The software consists of an executable file that reads an input file and delivers an output file as
seen in Figure A.1.
filename.in




Figure A.1. DynaPave: input and output
A.2. Coordinate system
All the fields are expressed in a Cartesian coordinate system with the following conventions:
• the longitudinal component (traffic direction) corresponds to the x direction
• the transverse component corresponds to the y direction
• the depth component corresponds to the z direction
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Figure A.2. DynaPave: coordinate system
A.2.1. Input file
The input file is a text file (ASCII) which can be created using any text editor. The only requirement
is that the extension of the file must be ".in". The input file must have the following structure
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Table A.1. Definition of input variables
Variable Description Units
n Number of layers -
ti=1,n Thickness of layer i m
mi=1,n Material of layer i (See Table A.2) -
bi=1,n–1 Interlayer bond between layers i and i – 1 (See Table A.3) -
p
j=1,q
i=1,n Material property j of layer i (See Tables A.4 and A.5) -
l Magnitude of the load Pa
lf lag Geometry of the load (see Table A.6) -
ax Characteristic geometrical dimension of the load in x direction (see Table A.6) m
ay Characteristic geometrical dimension of the load in y direction (see Table A.6) m
k Number of loads -
xi=1,k x coordinate of load i m
yi=1,k y coordinate of load i m
V Velocity m/s
r Number of response points -
X i=1,r x coordinate of response point i m
Y i=1,r y coordinate of response point i m
Zi=1,r z coordinate of response point i m
Table A.2. Material flags
Material flag Description Temperature dependency
1 Linear elastic Temperature independent
2 2S2P - Huet- Sayegh model (Equation A.1) Equation A.1
E
∗(ω, θ) = E0 + E∞ – E01 + δ(iω(eA0+A1θ+A2θ2 ))–k + (iω(eA0+A1θ+A2θ2 ))–h (A.1)
where ω is the angular frequency and θ is the temperature.
Table A.3. Interlayer bond flags




Table A.4. Material properties. Linear elastic material. Material flag=1











Table A.5. Material properties. Huet-Sayegh model. Material flag=2



































Table A.6. Geometry of the load
Load geometry flag Description
1 Rectangular area with dimensions [–ax, ax]x[–ay , ay]
3 Circular area with radius ax (ay is not required)
A.2.2. Output file
The output file is a text file (ASCII) which can be read using any text editor. Its file name is the
same as the one of the input file but with the extension ".out". The output file contains the
displacements (3 components), stresses (6 components) and strains (6 components) at each
response point.
A.3. Validation
The accuracy of DynaPave was evaluated by comparing its results with the data reported in
different papers. Four validation cases were carried out. All the simulations were run in a PC
with an Intel(R) Core(TM) i7-8550U CPU @ 1.80GHz.
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A.3.1. Validation case No. 1: Static -Linear elastic analysis
Reference paper
Pengfei Liu et al. “Application of Finite Layer Method in Pavement Structural Analysis”. In: Applied
Sciences 7 (June 2017), p. 611. DOI: 10.3390/app7060611
Design input
This design case aims at validating the accuracy of the implemented software in the linear
elastic domain. The design conditions read as follows:
• Structure: The pavement consisted of a multilayer system made of six layers. Figure A.3
shows the thickness of each layer.
• Materials: The behaviour of all materials was considered as linear elastic. The material
properties are shown in Figure A.3.
• Traffic load: The traffic load was modelled as a constant surface pressure of 0.7 MPa
applied on a square patch of 264 mm x 264 mm.
• Interlayer bond: The asphalt layers were modelled assuming full bond between them; the
interfaces between asphalt base course - road base, road base - subbase, and subbase -
subgrade were defined as no-bounded (see Figure A.3).
ADS: Thickness=0.04 m; |E*|=2902� MPa;  ν=0.35 �
ABS: Thickness=0.08 m; |E*|=6817� MPa;  ν=0.35 �
ATS: Thickness=0.14 m; |E*|=4903� MPa;  ν=0.35 �
HoB: Thickness=0.15 m; |E*|=10000� MPa;  ν=0.25 �
FSS: Thickness=0.34 m; |E*|=100� MPa;  ν=0.49 �






Figure A.3. Validation Case 1: pavement structure, material properties and interlayer bond
Computational time
The time required to run the simulation was as follows:
• Time required to read the input file: 1.58E-3 s
• Time required to solve the systems of equations: 68.23 s
• Time required to obtain displacements, stresses and strains (305 response points) : 53.68
s
• Time required to write the output file: 4.77E-3 s
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• Total time: 121.94 s
Results
The results of the simulations are presented in Figure A.4 to Figure A.8.
a) Results reported in [56]























Figure A.4. Vertical deformation at the top of ADS
a) Results reported in [56]
























Figure A.5. Longitudinal strain at the bottom of the ATS
a) Results reported in [56]




















Figure A.6. Vertical stress at the top of the HoB
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a) Results reported in [56]




















Figure A.7. Vertical stress at the top of the FSS
a) Results reported in [56]



















Figure A.8. Vertical stress at the top of the UG
Conclusions
The results of DynaPave are in accordance with the findings reported in the reference paper.
It was observed that the magnitude of the maximum vertical deformation at the pavement
surface differs between both methods (FE and Multilayer). The reason is the infinitive thickness
of the subgrade assumed in the multilayer calculations.
A.3.2. Validation case No. 2: Dynamic analysis
Reference paper
Pengfei Liu et al. “Application of Dynamic Analysis in Semi-Analytical Finite Element Method”. In:
Materials 10 (Aug. 2017), p. 1010. DOI: 10.3390/ma10091010
Design input
The design conditions of this case are the following:
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• Structure: the pavement consisted of a multilayer system made of six layers. Figure A.9
shows the thickness of each layer.
• Materials: the behaviour of all materials was considered as linear elastic. The material
properties are shown in Figure A.9.
• Traffic load: the traffic load was modelled as a constant surface pressure of 0.7 MPa
applied on a square patch of 300 mm x 300 mm.
• Velocity: the traffic load was modelled at four different velocities: 20 km/h, 52 km/h
(velocity in the reference paper), 80 km/h and 110 km/h.
• Interlayer bond: the asphalt layers were modelled assuming full bond between them; the
interfaces between asphalt base course - road base, road base - subbase, and subbase -
subgrade were defined as no-bounded (see Figure A.9).
ADS: Th=0.04 m; |E*|=22690� MPa;  ν=0.35; ρ=2377 kg/m3 �
ABS: Th=0.08 m; |E*|=27283� MPa;  ν=0.35; ρ=2448 kg/m3 �
ATS: Th=0.14 m; |E*|=17853� MPa;  ν=0.35; ρ=2301 kg/m3 �
HoB: Th=0.15 m; |E*|=10000� MPa;  ν=0.25; ρ=2400 kg/m3 �
FSS: Th=0.34 m; |E*|=100� MPa;  ν=0.49; ρ=2400 kg/m3 �






Figure A.9. Validation Case 2: pavement structure, material properties and interlayer bond
Computational time
The averaged time required to run the simulations was as follows:
• Time required to read the input file: 4.24E-3 s
• Time required to solve the systems of equations: 70.82 s
• Time required to obtain displacements, stresses and strains (4 response points) : 0.99 s
• Time required to write the output file: 3.91E-4 s
• Total time: 71.81 s
Results
The results of the simulations are presented in Figure A.10.
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Results reported in  [2], SAFEM
Results reported in  [2], ABAQUS
a) Vertical displacement at the top of
the ADS




























b) Longitudinal strain at bottom of the
ATS























Results reported in  [2], SAFEM
Results reported in  [2], ABAQUS
c) Longitudinal stress at the bottom of
the ATS

























Results reported in  [2], SAFEM
Results reported in  [2], ABAQUS
d) Vertical stress at the top of the FSS





















Results reported in  [2], SAFEM
Results reported in  [2], ABAQUS
e) Vertical stress at the top of the UG
Figure A.10. Results of the validation case No. 2
Conclusions
The results of DynaPave showed that the dynamic effects do not have a major impact on the
stresses and strains at critical locations. However, discrepancies were found with the data
reported in the reference paper. Further investigation is required.
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A.3.3. Validation case No. 3: Viscoelastic analysis
Reference paper
A. Chabot et al. “Visco-elastic modeling for asphalt pavements – software ViscoRoute”. In: 10th
Int. Conf. on Asphalt Pavements, ISAP Proceedings. Aug. 2006
Design input
The design conditions of this case are the following:
• Structure and materials: This case is an infinite homogeneous half-space with a linear
thermo-viscoelastic material. The complex E-modulus, E∗, of the material was modeled
with the Huet- Sayegh model. Table A.7 gives the model parameters. The Poisson’s ratio
was assumed to be constant and equal to 0.3.
Table A.7. Validation case No. 3: Huet-Sayegh model parameters
E0 (MPa) E∞ (MPa) δ (-) k (-) h (-) A0 (-) A1 (-) A2 (-)
70.0 29914.0 0.0 0.0 0.3 -0.342 -0.401 0.002954
• Traffic load: the traffic load was modeled as a constant pressure of 0.662 MPa on a
rectangular area of 220x220 mm.
• Velocity: the velocity of the load along the x-axis was 18 km/h.
• Temperature: the thermo-viscoelastic material was simulated at a temperature of 15 °C.
Computational time
The time required to run the simulation was as follows:
• Time required to read the input file: 8.83E-4 s
• Time required to solve the systems of equations: 43.42 s
• Time required to obtain displacements, stresses and strains (82 response points) : 22.81
s
• Time required to write the output file: 4.77E-3 s
• Total time: 66.24 s
Results
The results of the simulations are presented in Figure A.11.
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a) Results reported in [24]






























Figure A.11. Vertical displacements at two different depths
Conclusions
The results of DynaPave are in accordance with the findings reported in the reference paper.
A.3.4. Validation case No. 4: Dynamic + Viscoelastic analysis
Reference paper
Armelle Chabot et al. “ViscoRoute 2.0 A Tool for the Simulation of Moving Load Effects on
Asphalt Pavement”. In: Road Materials and Pavement Design 11 (June 2010), pp. 227–250. DOI:
10.1080/14680629.2010.9690274
Design input
The design conditions of this case are the following:
• Structure: the pavement consisted of a multilayer system made of four layers. Figure A.12
shows the thickness of each layer.
• Materials: the asphalt layers (layers 1, 2 and 3) weremodelled assuming a linear viscoelastic
behaviour. The foundation was considered as linear elastic. The material properties are
shown in Figure A.12 and Table A.8.
• Traffic load: the traffic load was modelled as a constant surface pressure of 0.878 MPa
applied on a square patch of 220 mm x 220 mm. Three different tyre configurations were
studied: dual tyres, tandem and tridem. Figure A.13 presents the characteristics of the
contact areas for the different loading configuration.
• Velocity: the traffic load was modelled at a constant velocity of 72 km/h
• Temperature: Two temperatures were considered 20 °C and 30 °C.
• Interlayer bond: all layers were modelled assuming full bond between them (see Figure
A.12).
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ADS: Thickness=0.08 m; |E*|=Table 1.2 ;  ν=0.35; ρ=2400 kg/m3 �
ABS: Thickness=0.10 m; |E*|=Table 1.2;  ν=0.35; ρ=2400 kg/m3 � �
ATS: Thickness=0.11 m; |E*|=Table 1.2;  ν=0.35 ; ρ=2400 kg/m3 � �




Figure A.12. Pavement structure
Table A.8. Validation case No. 4: Huet-Sayegh model parameters
Material E0 (MPa) E∞ (MPa) δ (-) k (-) h (-) A0 (-) A1 (-) A2 (-)
ADS 18.0 40995.0 2.356 0.186 0.515 2.2387 -0.3996 0.00152
ABS 31.0 38814.0 1.872 0.178 0.497 2.5320 -0.3994 0.00175
ATS 31.0 38814.0 1.872 0.178 0.497 2.5320 -0.3994 0.00175
Figure A.13. Type of studied loads [25]
Computational time
The averaged time required to run the simulations was as follows:
• Time required to read the input file: 1.21E-3 s
• Time required to solve the systems of equations: 59.74 s
• Time required to obtain displacements, stresses and strains (161 response points) : 33.98
s
• Time required to write the output file: 2.67E-3 s
• Total time: 93.73 s
Results
The results of the simulations are presented in Figure A.14 to Figure A.16.
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a) Results reported in [25]






























Figure A.14. Dual tyres
a) Results reported in [25]






























Figure A.15. Tandem configuration
a) Results reported in [25]






























Figure A.16. Tridem configuration
Conclusions
The results of DynaPave are in accordance with the findings reported in the reference paper.
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B. Evaluation of the "10 Hz rule" for
mechanistic design of asphalt
pavements
In most mechanistic design methodologies of asphalt pavements it is common practice to
characterize the asphalt layers as linear elastic using the "10 Hz rule". This rule is applied to
account for the effect of temperature in the dynamic modulus of asphalt. Thus, the asphalt
modulus is computed at the specific layer temperature and a frequency of 10 Hz.
Several simulations were carried-out with DynaPave (Appendix A) to illustrate the importance
of the computation of pavement responses incorporating viscoelastic material properties.
DynaPave was initially used to simulate the viscoelastic response of a pavement at a given
temperature and loading speed. The same tool was then used to calculate the response of the
associated elastic structure using the "10 Hz rule".
An equivalent modulus was determined by changing the frequency at which the asphalt
E-modulus was computed in the static simulations. For fatigue failure, it was observed that an
asphalt modulus calculated at a frequency of about 5 Hz is equivalent to the viscoelastic case.
For rutting in the basecourse, an equivalent asphalt modulus of 6 Hz gave the same results
as the viscoelastic simulations. The outcome of the simulations leads to the conclusion that
the main condition for the use of elastic-based programs is the right choice of an "equivalent
elastic modulus" of asphalt. An equivalent modulus can compensate for the viscoelastic effects
of moving loads on pavement responses.
B.1. Design input
The design conditions of this case are the following:
• Structure: the pavement consisted of a multilayer system made of six layers. Figure B.1
shows the thickness of each layer.
• Materials: the asphalt layers (layers 1, 2 and 3) were modelled with the Huet-Sayegh
model. The granular basecourse, subbase and subgrade were considered as linear elastic.
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The material properties are shown in Figure B.1 and Table B.1.
• Traffic load: the traffic load used in the simulations was a 10 tonne single axle-single
wheel load. This wheel configuration was represented by a single load excerting a uniform
distributed pressure of 700 kPa on a circular area with a radius of 150 mm
• Velocity (dynamic design case): the traffic load was modelled at a constant velocity of 80
km/h
• Interlayer bond: the asphalt layers were modelled assuming full bond between them;
the interfaces between ATS-ToB, ToB-FSS and FSS-UG were defined as no-bounded (see
Figure B.1).
• Temperature: Three pavement surface temperatures were investigated: -12.5 °C (low
temperature), 22.5 °C (intermediate temperature) and 47.5 °C (high temperature). The
temperature distribution through the pavement thickness, shown in Figure B.2, was
determined following the guidelines of RDO-Asphalt-09 . Because of the temperature
gradient, the asphalt stiffness will not be constant throughout the layer but will vary with
depth. This stiffness gradient was accounted by subdividing the asphalt layers in small
sublayers of 10 mm thickness, as seen in Figure B.3. The stiffness of each sublayer was
determined using the mid depth temperature of the sublayer.
ADS: Thickness=0.04 m; |E*|=Table 1.9;  ν=0.35; ρ=2430 kg/m3 �
ABS: Thickness=0.08 m; |E*|=Table 1.9;  ν=0.35; ρ=2430 kg/m3 �
ATS: Thickness=0.14 m; |E*|=Table 1.9;  ν=0.35; ρ=2430 kg/m3 �
ToB: Thickness=0.15 m; |E*|=400� MPa;  ν=0.45; ρ=2100 kg/m3 �
FSS: Thickness=0.34 m; |E*|=120� MPa;  ν=0.45 ; ρ=2100 kg/m3 �






Figure B.1. Numerical application: pavement structure, material properties and interlayer
bond
Table B.1. Material properties
Material E0 (MPa) E∞ (MPa) δ (-) k (-) h (-) A0 (-) A1 (-) A2 (-)
ADS 11.0 32665.0 2.240 0.190 0.590 2.9430 -0.3974 0.00195
ABS 13.0 43934.0 2.1000 0.170 0.530 5.945 -0.3996 0.00107
ATS 31.0 38814.0 1.872 0.178 0.497 2.5320 -0.3994 0.00175
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Figure B.3. Pavement structure showing asphalt sublayers
B.2. Computational time
The averaged time required to run the simulations was as follows:
• Time required to read the input file: 3.2E-3 s
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• Time required to solve the systems of equations: 200.24 s
• Time required to obtain displacements, stresses and strains (5 response points) : 1.25 s
• Time required to write the output file: 4.2E-3 s
• Total time: 201 s
B.3. Results
All the results were analysed based on the following two failure mechanisms:
• Fatigue cracking in the asphalt.
• Permanent deformation in the granular base course, subbase and subgrade.
B.3.1. Fatigue in the asphalt
The fatigue cracking potential of the asphalt was evaluated based on the magnitude of the
transversal strain at the bottom of the asphalt base course (bottom-up cracking). The results
are presented in Figures B.4, B.5, B.6 and B.7.
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.4. High temperature (T=47.5°C). Transversal strain (in μm/m) at the bottom of the ATS
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.5. Intermediate temperature (T=22.5°C). Transversal strain (in μm/m) at the bottom of
the ATS
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a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.6. Low temperature (T=-12.5°C). Transversal strain (in μm/m) at the bottom of the ATS
























Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
a) High temperature. T=47.5 °C

























Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
b) Intermediate temperature. T=22.5 °C























Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
c) Low temperature. T=-12.5 C
Figure B.7. Transversal strain at the bottom of the ATS. Comparison between static (linear
elastic) and dynamic (viscoelastic) analysis
B.3.2. Rutting in the ToB
The parameter used to analyse the permanent deformation resistance of the granular base
course layer was the vertical stress at the top of the ToB. The results are presented in Figures
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B.8, B.9, B.10 and B.11.
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.8. High temperature (T=47.5°C). Vertical stress (in kPa) at the top of the ToB
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.9. Intermediate temperature (T=22.5°C). Vertical stress (in kPa) at the top of the ToB
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.10. Low temperature (T=-12.5°C). Vertical stress (in kPa) at the top of the ToB
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Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
a) High temperature. T=47.5 °C























Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
b) Intermediate temperature. T=22.5 °C



















Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
c) Low temperature. T=-12.5 C
Figure B.11. Vertical stress at the top of the ToB. Comparison between static (linear elastic)
and dynamic (viscoelastic) analysis
B.3.3. Rutting in the FSS
The parameter used to analyse the permanent deformation resistance of the subbase layer
was the vertical stress at the top of the FSS. The results are presented in Figures B.12, B.13,
B.14 and B.15.
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.12. High temperature (T=47.5°C). Vertical stress (in kPa) at the top of the FSS
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a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.13. Intermediate temperature (T=22.5°C). Vertical stress (in kPa) at the top of the FSS
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.14. Low temperature (T=-12.5°C). Vertical stress (in kPa) at the top of the FSS
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Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
a) High temperature. T=47.5 °C


















Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
b) Intermediate temperature. T=22.5 °C




















Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
c) Low temperature. T=-12.5 C
Figure B.15. Vertical stress at the top of the FSS. Comparison between static (linear elastic)
and dynamic (viscoelastic) analysis
B.3.4. Rutting in the UG
The parameter used to analyse the permanent deformation resistance of the subgrade layer
was the vertical stress at the top of the UG. The results are presented in Figures B.16, B.17,
B.18 and B.19.
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.16. High temperature (T=47.5°C). Vertical stress (in kPa) at the top of the UG
144
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.17. Intermediate temperature (T=22.5°C). Vertical stress (in kPa) at the top of the UG
a) Static. Asphalt E-modulus calculated @
10Hz
b) Dynamic+Visco @ 80 km/h
Figure B.18. Low temperature (T=-12.5°C). Vertical stress (in kPa) at the top of the UG
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Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
a) High temperature. T=47.5 °C



















Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
b) Intermediate temperature. T=22.5 °C


















Dynamic+Viscoelastic @ 80 km/h. Under the load
Dynamic+Viscoelastic @ 80 km/h. Maximum value
c) Low temperature. T=-12.5 C
Figure B.19. Vertical stress at the top of the UG. Comparison between static (linear elastic) and
dynamic (viscoelastic) analysis
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C. Determination of correction factor
for the column geometry used in
the fatigue tests in Chapter 4
The geometry of the column used for fatigue test in the DSR differs considerably from the
cylindrical standard DSR geometry. Therefore, it was necessary to determine a correction factor
to obtain stresses and strains at the periphery of the column based on the measured torque
and rotation angle.
The correction factor was assessed by correlating the column’s response with the response
of an equivalent cylindrical geometry of 6 mm diameter and 11 mm height. The equivalent
geometry corresponds to the cylindrical center part of the column. Through this correlation,
the shear stresses and strains of the column can be obtained by means of the following
relationships:
γcolumn = C1 · (︃θ · Deq2 · heq
)︃
· e(iωt) (C.1)
τcolumn = C2 · (︃M · Deq2 · Jeq
)︃
· e(iωt+iφ) (C.2)
where Deq is the diameter of the equivalent sample (Deq = 6mm) ; Jeq is the polar moment of
inertia of the cross section of the equivalent geometry (Jeq = 2032.13mm4); heq is the height of
the equivalent test specimen (heq = 11mm); C1 and C2 are the correction factors.
The correction factors C1 and C2 were obtained by comparing stresses and deformations of
both geometries using a thermal-viscoelastic model in Abaqus. Several FE simulations were
performed at different temperatures and frequencies. The design conditions used in the
simulations were the following:
• Material: the bitumen was modeled assuming linear viscoelastic behavior. The material
coefficients of bitumen B1 were used for this purpose (table 4.7). The Poisson’s ratio was
assumed constant and equal to 0.45.
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• Temperature: three temperatures were analyzed, 10 °C, 15 °C and 20 °C
• Frequency: the load was applied at two different frequencies, 10 Hz and 20 Hz.
• Load: a sinusoidal angular displacement with an amplitude of 0.05 rad was applied to the
upper steel ring of the column.
From the results of the simulations, it was concluded that the coefficients C1 and C2 are only
geometry dependent, with a value of:
C1 = C2 = 0.89
Figure C.1 shows exemplary the response stresses and strains at the rim of the specimen at
20 °C and 10 Hz. It was observed that the column’s stresses and strains were 11 % lower than
the ones of the equivalent geometry.




















































Figure C.1. Stresses and strains at the rim of the specimen. Comparison between column
geometry and cylindrical geometry.
Figure C.2 shows exemplary the dissipated energy at the rim of the specimen at 20 °C and
10 Hz. It was observed that the dissipated energy of the column was almost 21% lower than
the dissipated energy of the equivalent geometry.
Column Equivalent geometry






















Shear strain in %
0.0
0.05
Figure C.2. Dissipated energy at the rim of the specimen. Comparison between column
geometry and cylindrical geometry.
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Figure C.3 shows the distribution of shear stresses across the mid-plane of both geometries.
A stress concentration was observed in the section where the column diameter changes from
6 mm to 7 mm. The above correction factors were calculated for a fillet radius of 0.2 mm:
a) Column geometry. b) Equivalent geometry.
Figure C.3. Shear stress distribution along the height of the fatigue sample.
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D. A coupled thermo-mechanical
analysis of cyclic loaded bitumen
in the DSR
The purpose of this appendix is to show a computational method for analyzing heating of
bitumen under repeated cyclic shear load in the DSR. Viscoelasticity and heat transfer finite
element models are coupled in ABAQUS and used to simulate the hysteretic heating of the
bitumen. The formulations for viscoelasticity in the time domain and heat transfer, as well as
their finite element implementation can be found in the ABAQUS Theory manual (REF HERE XX).
D.1. Coulpled thermo-mechanical model
Thermo-mechanical coupling of a bitumen sample under the action of shear load in the DSR can
be approxiameted by computing the rate of viscoelastic energy dissipation from the mechanical
equations and inputting that rate into the thermal equations. ABAQUS internally computes the
total of the viscoelastic energy dissipated and pass it on to the thermal analysis.
D.2. Geometry and mesh
The model consists of a three layered system made of a linear viscoelastic material (bitumen)
between two linear elastic steel plates. The problem was modelled as axisymmetric with the
dimensions shown in Figure D.1.
The mesh was created using axisymmetric coupled temperature-displacement elements of
the type CGAX4RHT in ABAQUS. This element type uses bilinear displacement and temperature
interpolation. It also employs reduced integration and it includes twist. The mesh consisted of
24 elements in the vertical direction and 32 elements in the radial direction (resulting in a total


























Figure D.1. Geometry and mesh
D.3. Materials
D.3.1. Heat transfer properties
The thermal constants of the materials are given in Table D.1. In order to ensure that all
the mechanical energy dissipated by viscoelasticity was converted into heat, an inelastic heat
fraction equal to 1 was specified to the bitumen. This value corresponds to the convertion
factor for change energy units in Nm (mechanical analysis) to J (thermal analysis).
Table D.1. Tempermal properties


























The bitumen was modeled as linear viscoelastic. The mechanical response of the bitumen was
determined from temperature sweeps in the frequency domain. The bitumen response was
modeled using the GMM. The Prony series parameters of the GMM were determined using
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a least-square approach and are given in Table D.2. The bitumen was assumed to be nearly
incompressible with a Poisson’s ratio equal to 0.495.
The steel plates were modelled assuming a linear elastic behaviour. The material properties
of the steel are given in Table D.4.
Table D.2. Bitumen: GMM material
coefficients of ABAQUS














Table D.3. Bitumen: WLF coefficients
T ref (°C) C1 (-) C2 (°C)
10 16.1 122.1
Table D.4. Steel plates: material coefficients
E-modulus (GPa) Poisson’s ratio (-)
200 0.3
D.4. Boundary conditions
All bottom nodes were constrained in both the vertical and radial directions for displacements
and rotations. The notes of the top surface were also constrained except for rotation around
the y-axis.
A thermal boundary condition was specified at the periphery of both bitumen and steel plates.
This boundary condition aims to simulate the convection heat transfer with the temperature
chamber. The heat transfer coefficient to air was specificed equal to 10 W
m2K
.
A sinusoidal rotational displacement with an amplitude of 0.05 rad and a frequency of 1 Hz
was applied to all nodes of the top surface.
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D.5. Results
Figure D.2 shows the load-displacement curves for the first five cycles. As expected, there is a
phase lag between both signals to the viscoelastic behaviour of the bitumen.





































Figure D.2. Load-displacement curves.
































Figure D.3. Tempearture distribution within the bitumen
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a) Start of the test. b) After 5 load cycles
c) After 10 load cycles d) After 15 load cycles
e) After 20 load cycles f) Legend
Figure D.4. Temperature distribution within the bitumen specimen. Strain constolled test at
20°C and 1 Hz
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E. Instrumentation diagram of the
Dresden dynamic shear tester




















Figure E.1. DDST instrumentation.
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F. Comparison between Fourier
Assisted Finite Element Method
and 3D Finite Element method
This appendix expands the results of the comparison between the FSAFEM and the 3D FEM
presented in Section 6.3 of this thesis.




Figure F.1. Post-processing plane
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F.1. Displacements




Figure F.2. Vertical nodal displacements in mm
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)
Figure F.3. Transverse nodal displacements in mm
157
F.2. Stresses
Figures F.4, F.5, F.6 and F.7 show the vertical, transverse, longitudinal and shear stress distribu-
tion at the cross section of the pavement .
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)
Figure F.4. Vertical stresses at the element centroids in MPa
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)




Figure F.6. Longitudinal stresses at the element centroids in MPa
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)
Figure F.7. Shear stresses at the element centroids in MPa
159
F.3. Strains
Figures F.8, F.9, F.10 and F.11 show the vertical, transverse, longitudinal and shear strain
distribution at the cross section of the pavement .
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)
Figure F.8. Vertical strains at the element centroids in mm/mm
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)




Figure F.10. Longitudinal strains at the element centroids in mm/mm
a) 3DFEM (Abaqus)
b) FSAFEM (Dromos)
Figure F.11. Shear strains at the element centroids
161
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G. Experimental results of the
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Figure G.1. Bitumen B1 -Strain sweeps at 0.5 Hz
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Figure G.2. Bitumen B1 - Strain sweeps at 5 Hz
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Figure G.3. Bitumen B1 - Strain sweeps at 50 Hz
Table G.1. LVE shear strain limits of bitumen B1
























































































































































Tr=10 C, C1=15.71, C2=107.96




















































































Figure G.6. Bitumen B1 - Black diagram and Cole-Cole plot from standard frequency sweep
measurements


















































































































































































































Tr=10 C, C1=16.16, C2=122.09






















































































Figure G.10. Bitumen B1 - Black diagram and Cole-Cole plot from multiwave frequency sweep
measurements
G.2. Bitumen B2
























































































































































Tr=10 C, C1=22.70, C2=172.70



















































































Figure G.13. Bitumen B2 - Black diagram and Cole-Cole plot from standard frequency sweep
measurements
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Tr=10 C, C1=21.40, C2=152.88






















































































Figure G.16. Bitumen B2 - Black diagram and Cole-Cole plot from multiwave frequency sweep
measurements
G.3. Bitumen B3
























































































































































Tr=10 C, C1=21.44, C2=164.23



















































































Figure G.19. Bitumen B3 - Black diagram and Cole-Cole plot from standard frequency sweep
measurements
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Tr=10 C, C1=19.31, C2=149.75






















































































Figure G.22. Bitumen B3 - Black diagram and Cole-Cole plot from multiwave frequency sweep
measurements
G.4. Bitumen B4





























































































































Tr=10 C, C1=18.81, C2=142.01













































































Figure G.25. Bitumen B4 - Black diagram and Cole-Cole plot from standard frequency sweep
measurements
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Tr=10 C, C1=21.74, C2=165.08






















































































Figure G.28. Bitumen B4 - Black diagram and Cole-Cole plot from multiwave frequency sweep
measurements
G.5. Bitumen B5














































































































































Tr=10 C, C1=18.07, C2=138.07





















































































Figure G.31. Bitumen B5 - Black diagram and Cole-Cole plot from standard frequency sweep
measurements
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Tr=10 C, C1=23.90, C2=185.49




















































































Figure G.34. Bitumen B5 - Black diagram and Cole-Cole plot from multiwave frequency sweep
measurements
181
H. Experimental results of the
materials used in Chapter 4
H.1. Bitumen B1
Bitumen B1 is the same bitumen used in chapter 3. See appendix G for the experimental
results of this bitumen.
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H.2. Bitumen B1PAV25


















































































































































































































Tr=10 C, C1=16.81, C2=136.06











































































































































































































































































































Tr=10 C, C1=19.50, C2=153.62





































































































































































































































































































Tr=10 C, C1=16.93, C2=129.65









































































































































































































































































































Tr=10 C, C1=26.40, C2=229.11



































































































































































































































































































Tr=10 C, C1=25.26, C2=209.51





















































































Figure H.20. Mastic M2PAV25 - Black diagram and Cole-Cole plot from multiwave frequency
sweep measurements
192
I. Experimental results of the
materials used in chapter Chapter 5
I.1. Construction of test track
a) Laiding down of pavement
track
b) Compaction c) Extraction of asphalt
specimens
Figure I.1. Asphalt specimens from pavement track in RWTH Aachen
193
I.2. Results of frequency sweep in the DDST
I.2.1. Asphalt



















10 C 20 C 30 C
a) Dynamic shear modulus


















10 C 20 C 30 C
b) Phase angle
Figure I.2. Isothermal plots of asphalt
I.2.2. Mortar



















0 C 10 C 20 C
a) Dynamic shear modulus


















0 C 10 C 20 C
b) Phase angle
Figure I.3. Isothermal plots of mortar
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I.2.3. Bitumen




















0 C 10 C 20 C
a) Dynamic shear modulus


















0 C 10 C 20 C
b) Phase angle
Figure I.4. Isothermal plots of bitumen
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